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SECTION 1 


EXECUTIVE SUMMARY 


The purpose of this study vss (1) to collect and categorise a 
forecast (10-30 years) of ambitious civilian space missions and their power 
requirements I and (2) to assess the applicability of an SP-lOO-class space 
reactor power system (SRPS) to those missions. A wide variety of missions 
were selected for examinatloni compiled principally from the reports of the 
earlier Civil Missions Advisory Group and the recent National Commission on 
Space; each mission represented a potential need for high levels of electrical 
power. See Figure 1-1 for a projected timeline of the chosen missions. 

The applicability of an SP-100 type of nuclear power system was 
assessed for each of the selected missions; a strawman nuclear power system 
configuration was drawn up for each mission, the ability of the SP-100 SRPS to 
satisfy the mission requirements was assessed, and the tradeoffs of each 
application were identified. 

The main conclusions of this study are: 

o Space nuclear power in the 50 kW^-plus power range can 

enhance or enable a wide variety of ambitious civil space 
missions projected for the 1995-2055 tioie frame. The SP-100 
type of nuclear power system is broadly applicable to those 
missions selected for this study, and its subelement 
technologies are very applicable. 

o Safety issues require additional analyses for some 

applications. The permanently manned Space Station is such 
an application, due to the planned extensive extravehicular 
activity (EVA) and vehicular proximity operations. This 
assessment addressed these issues by considering a scenario 
in which the high power level, conniercial materials 
processing activities are accommodated on a coorbiting 
platform, rather than the Station itself. 

o Safe space nuclear reactor disposal is an issue for some 

applications. Missions either operating in or returning to 
low Earth orbit will require safe handling and disposal of 
the SRPS. Surface operations such as the planetary bases may 
have to bury their reactors in place. 

o The current baseline SP-100 conical radiator configuration is 
not applicable in all cases. For example, it might not 
function under variable gravity conditions. 

o Several applications will require shielding greater than that 
provided by the baseline shadow-shield. The resulting 
increase in total system suss is an injected bmiss issue, but 
may be resolved at the planetary bases through the use of 
surface materials. 


1-1 


FORECAST OF CIVIL 
MISSION APPLICATIONS 
OF SPACE NUCLEAR POWER 


SCIENCE AND EXPLORATION 

• ASTEROID SAMPLE RETURN 

• COMET SAMPLE RETURN 
•• MARS SAMPLE RETURN 

• SATURN RING • 

RENDEZVOUS/EXPLORER 

• FAR OUTER PLANETS 

PROBE<S)/EXPLORER(S) 

• THOUSAND ASTRONOMICAL 

UNIT (TAU) EXPLORER 

• LARGE ARRAY LUNAR 
OBSERVATORY 


SPACE OPERATIONS 

• SPACE STATION COMPLEX 

• PMC STATION 

• IOC STATION 

• GROWTH STATION 

• ADVANCED STATION(S) 

• MATERIALS PROCESSING 

FACTORY PLATFORM(S) 

• NUCLEAR ORBITAL 

TRANSFER VEHICLE(S) 

• LUNAR SEHLEMENT 

• INITIAL CAMP 

• NOMINAL BASE 

• OPERATIONAL BASE 

• GROWTH COLONY 

• LIBRATION POINT BASE 

• MANNED INTERPLANETARY 
TRANSPORT VEHICLE 

• CARGO-ITV 

• MARS SEHLEMENT 

• INITIAL CAMP 

• NOMINAL BASE 

• OPERATIONAL BASE 

• GROWTH COLONY 

• PHOBOS BASE 


COMMERCIAL UTILIZATION 

• GEOSYNCH. COMMUNICATION 

PLATFORM(S) 

• AIR TRAFFIC CONTROL 

RADAR STATION(S) 


1995 2000 2005 2010 2015 2020 2025 2030 2035 




1995 2000 2005 2010 2015 2020 2025 2030 2035 


Figure 1-1. Projected Tiineline for Study Missions 
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o Long-duration, continuous operation, high-RNA nissions oiay 
exceed the currently designed SP-100 lifetinte capabilities. 

In this study, tuch nissions are represented by the Far Outer 
Planets Orbiters/Probes and the TAU Explorer. This issue 
■ight be addressed by the use aultiple, smaller reactors to 
achieve comparable, long-term power levels with enhanced 
reliability. . : 

As noted above, the missions examined in this study were chosen, in 
part, because they reflect the demand for higher power levels among civil 
missions during the 1995-2055 time frame. (Within that period, the span from 
2P00 to 2040 represents the timeframe of primary interest.) During the same 
period, a significant number of valuable science and sianned space operations 
missions will be staged which do not require very high power levels; these may 
include the Space Infrared Telescope Facility (SIRTF), the Large Deployable 
Reflector (LDR), and a manned lunar exploration vehicle. Also, a number of 
the missions studied could be implemented under widely varying scenarios 
and/or trajectories, with considerably lower power requirements and alterna- 
tive power technologies. These alternative power technologies (such as solar 
dynamic power or smaller reactor power systems), although potentially 
applicable to some of the missions studied, were not evaluated. 
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SECTION 2 


INTRODUCTION 


2.1 STUDY OBJECTIVES 

. » 

The objectives of this study were: 

o to collect and categorise a forecast of ambitious near- and far- 
term civil space missions and projected power requirements, and 

m 

o to assess the applicability of currently planned space reactor 
power systems to those civil missions. 

The forecast of civil missions was compiled principally from the 
reports of the Civil Missions Advisory Group (1984) and the National Connis- 
aion on Space (1986); Table 2-1 lists the missions which were included. The 
nuclear power assessments were made for each mission in terms of the ability 
of an SP-lOO-type Space Reactor Power System (SRPS) to satisfy that mission's 
requirements (alternative power technologies such as solar d)mamic power 
systems were not assessed). 


2.2 STUDY APPROACH 

This study of potential civil mission applications of space nuclear 
power involved three principal activities: (1) definition of a current 

baseline SP-100 type of power system, (2) compilation of a forecast of 
ambitious civil missions and their power requirements, and (3) analysis and 
assessment of the application of nuclear power to each civil mission examined. 


2.2.1 Space Nuclear Power Systems 

Section 3 describes the SP-100 SRPS, which is the current U.S. space 
nuclear reactor technology development program. The discussion details the 
system capabilities, functional architecture, and subsystems. Configuration 
tradeoffs and special considerations are also addressed. 


2.2.2 Potential Civil Mission Applications 

The civil missions that were assessed vary greatly in terms of 
their objectives and operating procedures, yet each one contributes toward 
achieving the space goals set for the United States by the National Connission 
on Space. Those goals included: 

o to advance our understanding of the Earth, the solar system, 
and the universe 

o to explore, prospect, and settle the solar system 

o to stimulate commercial enterprises in space. 
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Table 2-1. Proposed Civil Space Missions Selected for Study 


Mission Type 

Elements 

SCIENCE AND EXPLORATION 


Asteroid Sample Return 
Comet Nucleus Sample Return 
Mars Surface Sample Return 

Single Mission 
Single Mission 
Single Mission 

Saturn Ring Rendezvous/Orbiter 

Far Outer Planets Probe(s)/Orbiter(s) 

Single Mission 
Multiple Spacecraft 

Thousand Astronomical Units Explorer 

Single Spacecraft 

Large Array Lunar Observatory 

Single Mission 

SPACE OPERATIONS 


Space Station Complex (LEO) 

Permanently Manned Capability 
Initial Operating Capability 
Growth Station 
Advanced Space Station(s) 


Materials Processing Factory 
Platform 

Lunar Settlement 

Initial Operational Camp 
Nominal Base 
Operational Base 
Growth Colony 

Libration Base 

Single Mission 

Nuclear Orbital Transfer Vehicle(s) 

Multiple Vehicles 

Interplanetary Transport Vehicles (ITV) 

Manned ITV 
Cargo-Carrying ITV 

Mars Settlement 

Initial Operational Camp 
Nominal Base 
Operational Base 
Growth Colony 


Hars/Phobos Base 

COMMERCIAL UTILIZATION 


Geos 3 mchronous Conmunications Platform(s) 

Multiple Platforsis 

Air Traffic Control Radar Station(s) 

Multiple Platforms 


Missions were divided into three categories: science and explor- 

ation« space operations, and comnercial utilization. Science and exploration 
■issions are those which will add to our knowledge of the solar system and 
beyond. Space operations missions deal with the outposts in space where 
humans will live and work; the discussion includes the technology supporting 
these endeavors. Comsercial utilization missions are potential enterprises 
which will exploit the unique space environment for the benefit t>f private 
interests. 


In Section 4, each mission category is discussed in turn, including 
individual mission objectives and selected operational characteristics. 
Conceptual illustrations and tables listing key mission parameters are also 
provided. 


2.2.3 Power System Applications Assessment 

In Section 5, the requirements of the civil missions and the capa- 
bilities of the SP-100 SRPS are compared. The applicability of apace nuclear 
reactors to each mission is assessed, and advantages and disadvantages are 
described. A strawman configuration SP-100 SRPS is provided for each mission. 
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SECTION 3 


NUCLEAR POWER SYSTEMS 


3.1 INTRODUCTION 

lo this section, some of the Advantages to be found using space 
nuclear power are discussed. This section characterises the current state of 
the art in space nuclear reactors, the SP-lOO Space Reactor Power System 
(SRPS). Starting with SP-lOO SRPS capabilities and functional architecture, 
each functional subsystem and its associated subelement technology is 
described. Configuration trades are presented in order to permit a basic 
analysis of the SP-lOO as applied to various civil space missions selected for 
study in this report. 

The SP-lOO project is a long-range joint program under the suinage- 
ment of the National Aeronautics and Space Administration, the Department of 
Energy, and the Department of Defense. Phase II of the SP-lOO program is com- 
prised of several tasks which include the development of a ground engineering 
system for design testing and validation, the development of a flight demon- 
atration reference system, and a program to evaluate and assess advanced tech- 
nologies which would lead to evolutionary improvements in SP-lOO performance. 
These improvments may include the substitution of different subelement tech- 
nologies such as power conversion. The following discussion will encompass 
the subelement technologies that represent the current planned subelement 
technologies to be flown in the first SP-lOO demonstration flight. In this 
report the use of the terms SP-lOO or SRPS will apply only to those subelement 
technologies which comprise the flight demonstration system. 

Finally, special considerations that may affect the application or 
deployment of the SP— 100 SRPS are discussed. These special considerations 
include orbital delivery, system reliability, maintainability, and availability 
(RMA), system lifetime, and the end-of-life disposal of expended reactors. 


3.2 POTENTIAL ADVANTAGES OF SPACE NUCLEAR POWER 

Nuclear power is only one of a number of energy sources available 
for space applications. The power system selected for a particular mission 
depends on the duration, power requirements, operating environment, and other 
performance parameters of the mission. 

At high power levels and longer durations, nuclear power has several 
inherent advantages over solar photovoltaics. First and foremost, nuclear 
systems are independent of the Sun. As a result, nuclear power systems do not 
require energy storage devices (batteries, regenerative fuel cells, etc.) and 
can operate efficiently anywhere in space. Moreover, nuclear power systems do 
not have large delicate panels that are characteristic of a photovoltaic power 
system. As a result, the nuclear power system offers lower drag in Earth 
orbit, better fields of view for pointing instruments, and enhanced surviva- 
bility from meteorite and space debris bombardment. The compact sise of 
nuclear power systems simplifies the problem of attitude control and orbit 
maintenance. This increases the accuracy of missions requiring instrument 
pointing and target tracking. 
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As well as being less susceptible to particulate hazards than 
photovoltaic array systems, nuclear power systems are also inherently hardened 
to the Van Allen belt radiation, which can seriously degrade the performance of 
photovoltaic cells. Finally, nuclear power systems may be more mass-efficient 
and more economical than solar array systems for very high power level 
applications [Civil Mission Advisory Group report]. 

High energy-density chemical power sources (i.e., fuel cells) are 
preferable for short-duration, medium power level manned operations, such as 
space shuttle (of a post-shuttle Earth-to-orbit vehicle), or a manned orbital 
transfer vehicle. Similarly, solar dynamic power systems will provide high 
power levels (without subsidiary energy storage devices) for a wide variety of 
inner solar system mission applications. The best example of the latter is 
the planned utilization of solar dynamics on the U.S. Space Station. However, 
nuclear power systems may offer longer-duration, lower maintenance, and lower 
cost operations in a number of applications due to the mechanical simplicity 
of the SRPS, and the capability to generate power in the short-term absence of 
sunlight (e.g., during the lunar night). 

The SP-100 SRPS was chosen for this study because it represents the 
currently planned nuclear reactor space power technology. There have, how- 
ever, been efforts to develop a space nuclear reactor power system since the 
1950s. These reactors incorporated different fuel, thermal conversion, and 
heat dissipation subelement technologies. For the sake of brevity a histori- 
cal summary of U.S. nuclear space reactors is not given here but rather is 
presented in Appendix A. 


3.3 SP-100 SYSTEM DESCRIPTION 

The SP-100 SRPS is a nuclear power source designed to provide elec- 
trical power to a variety of potential user space missions. The thermal 
energy generated by a fast-neutron spectrum nuclear reactor is converted to 
electrical energy by a thermoelectric process and provided to the user payload 
after conditioning. Radiators are required to dissipate the excess heat gen- 
erated by the power system. Figure 3-1 depicts a simple, conceptual flight 
mission employing an SP-100 nuclear power system. 


3.3.1 System Capabilities 

The modular design of the SP-100 provides a wide range of electri- 
cal power to a user mission. The electrical output ranges from 100 to 
1,000 kWg. The thermal output of the reactor may also be utilized by thd^ 
mission. 


An important factor used in the comparison of power systems is the 
ratio of the power system mass to the power output of the system (mass-to-power 
ratio, or specific mass). As a design goal, the specific mass of the SP-100 is 
to be less than 25 kg/kW^ for thermoelectric conversion; however, more real- 
istic estimates give the specific mass to be less than 32 kg/kW^. The siost 
important factor affecting the specific mass of the power system is the con- 
version efficiency of the thermal-to-electrical energy conversion process. A 
greater conversion efficiency could decrease the overall system mass for the 
same electrical power output level depending on the mass of the conversion 
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subsystem, and its required thermal power input. The specific mass of the 
SP-100 SRPS is certain to change as advanced technology developments are 
incorporated into the design. 

The system life of the SP-100 is projected to be a Binimum of seven 
years at full power and ten years total. The initial (first flight system) 
reliability of the SP-100 is greater than 95 percent for the first two years. 
Growth toward a 95 percent or better reliability over the entire full-power 
life in subsequent flight systems is a design goal. 


3.3.2 Functional Architecture 

The SP-100 SRPS can be divided into seven functional components: 
reactor, shield, heat transport, power converter, heat dissipating radiators, 
power conditioning and control, and a siechanical support structure for 
providing the interface to the user spacecraft. A functional block diagram of 
the SP-100 SRPS is shown in Figure 3-2. 


3.3.3 Subsystem Descriptions 

The following are descriptions of the functional subsystems of the 
SP-100 SRPS. It has been recognized that as advanced subelement technologies 
develop and are incorporated into the SP-100 design that many of the design 
parameters will change. For the purposes of this report the current flight 
deswnstration subelement technologies will be discussed. 


3. 3. 3.1 Reactor . The SP-100 reactor utilizes highly enriched uranium 

nitride (UN) fuel and operates with a fast (high-energy) neutron spectrum. 
The primary reactor control mechanism is beryllium oxide reflector drums 
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• - MISSION TAILORABLE 


Figure 3—2. SP— 100 Functional Block Diagram 

located outside the periphery of the reactor vessel. The position of these 
drums determines the extent to which exiting neutrons are reflected back into 
the core. 


Reactor control is achieved by altering the reactivity of the 
system. The reactivity of the system can be described in terms of an 
effective multiplication factor" or amount by which the total number of 
neutrons in the system are multiplied by every generation (0.01 to 1 ms). The 
thermal power output of the reactor is directly proportional to the number of 
neutrons in the system. A multiplication factor of unity results in a 
constant power output. The degree to which the exiting neutrons are reflected 
back into the core impacts the reactivity of the system and the thermal 
output. The reactivity of the system is also affected by other factors that 
are not directly controlled; these are termed "feedback effects." The primary 
feedback effect is temperature. As the temperature of the system increases, 
the reactivity decreases. This effect allows the reactor to be easily 
controlled. 


To increase the reactor power, the control drums are rotated to 
provide greater reflection, and the reactivity of the system increases. The 
neutron level and power of the reactor then increase. As a result, the 
temperature in the system increases and the reactivity of the system begins to 
decrease. The multiplication factor returns to a value of unity and the 
reactor stabilises at a higher power level. The same control mechanisms allow 
reactor ^wer to be decreased. 


The fuel burniip is proportional to the reactoir power. Higher power 
greater amounts of fuel* However g it is easy to incorporate 
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any required amount of fuel Into the eystem by increasing the enrichment of 
the fuel and amount of excess reactivity In the reactor. Thus, the power 
level of the system is normally not constrained by the fuel bumup 
requirements. Rather, power limits are placed on the system by the thermal 
transport, conversion, or rejection subsystems. 


3. 3. 3. 2 Shield. The shield Is generally composed of two different 
materials, each serving a different purpose. Mechanically reinforced lithium 
1* used to provide the neutron shielding, and tungsten is used to 
ahleld the payload from ganna radiation. 

The quantity and configuration of the shielding Is strongly mission 
dependent. Unmanned missions (such as planetary probes) that may utilize an 
SP-100 SRPS will typically require significantly less shielding than sianned or 
•***'“^®**ded craft and installations. Unmanned missions stay be powered up 
remotely and therefore require only that level of shielding necessary to meet 
payload/mission requirements. Figure 3-3 illustrates the variety of shield 
configurations that may be used. 

For unmanned missions the minimum mass shielding requirement is s>et 
by using a shadow shield. Figure 3-3 illustrates the various shield 
configurations. The shadow shield provides radiological protection only to the 
region within the shadow of the shield. The thickness of the shadow shield 
will determine the level of protection the shield will provide to the payload 
from power system radiation. 

If there is a requirement to provide some shielding to a broader 
then either a two-pi or a preferential shield configuration may be used, 
depending on the requirement. A four-pi shield configuration is used if 
uniform shielding in all directions from the reactor is desired. 

Manned or man-tended space missions have very stringent limitations 
on the exposure of human personnel to radiation, both naturally occurring and 
Generally speaking, skanned missions will require more shielding 
for the reactor than any other type mission. The exact amount of shielding is 
dependent on the proximity of the reactor to personnel. Factors that must be 
considered when determining shielding requirements include naturally occurring 
radiation levels, total allowable biological radiation dosage, distance between 
operation centers and the reactor, desired minimum distance from the reactor 
during EVA and fly-by, and desired duration of EVA and fly-by activity. Fully 
man-rated shielding allows unlimited operations within physical reach of the 
reactor. 


3. 3. 3. 3 Heat Transport . The heat transport component of the SP-100 SRPS 

consists of pumped liquid lithium loops and potassium wick heat pipes. The 
liquid lithium is electromagnetically pumped to the thermoelectric converters, 
where electricity is generated. Residual waste heat from the tbenaoelectric 
converters is transported to and through the radiator panels by the heat 
pipes. Like the reactor, the heat transport subsystem is a constant design 
configuration. 


3-5 



FOUR-PI 





PREFERENTIAL 

FOUR-PI 


Figure 3-3. Shield Configurations 


3.S.3.4 Power Converter . The current flight configuration of the SP-lOO 
SRPS power conversion system uses series-parallel connected silicon germanium/ 
gallium phosphide (SiGe/GaP) thermoelectric elements. The thermoelectric ele- 
ments have a relatively low conversion efficiency when compared to advanced 
power conversion technologies currently under development. However, the small 
size of the elements, the large numbers of them employed, and their series- 
interconnection provides for continued operation in the event of a 
failure of one or more elements. Future flight systems may incorporate 
advanced, ircre efficient power conversion technologies. 


3*3. 3. 5 Radiators . The radiator panels dissipate system waste heat in a 
^^*’®cbion away from the user payload. Potassium heat pipes are used to dis- 
tribute heat across the panels. Heat pipes are sensitive to their orientation 
within a gravitational field; the evaporating section must be below the con- 
densing section. This limits the radiator configurations allowed in gravita- 
tional fields (naturally or artificially induced). Figure 3-4 shows radiator 
configurations other than the simple conical configuration shown in Figure 3-1. 


3. 3. 3. 6 fower Condit ioning and Control . The power conditioning and control 

system is responsible for the delivery of electrical power to the user mission 
payload as well as the command, control, and performance status telemetry. 

Two direct current power buses are made available to the user. The first is a 
100-600 Vdc (200-Vdc nominal) fixed main bus. Second is a 28-Vdc secondary 
bus. Both are regulated such that any additional required power conditioning 
is user mission specific. 
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Figure 3-4. Additional Radiator Conflgurati 
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^^^crence Mission Parameters 


encc system. °*^If * f liehrconf convenient to define a refer- 
sssumeJ. and lf".‘ ele??Mc°po"S"e'i:; 

ters defining a reference system Af« m. ^ chosen, then the parame- 

ence and gamL doFage are deL'ned for shown in Table 3-1. The neutron flu- 
lifetime. The poue? 

ste representative of a tp^ical ia“se'5“T“;rr.’^: 


Teble 3 1* Reference Systein PereiDeters 


Feature 

Output power 
User plane 
^sep 

Neutron fluence 
Gaisma dose 

Total mass, excluding mission 
module 

Total surface area, excluding 
mission module 

Thermal power 

Specific power 

Shielding 


Parameters 

100 kWg at end of life 
4.5— m disk 
25 m 

1 X 10^3 neutrons /cm^ 

5 X 105 rad 
2,900 kg 

80 ffl2 

1 . 96 MW^ 

29 kg/kWg 

Shadow configuration, not man-rated 
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Figure 3-5. Flight Systen Physical Definition 


technologies to be incorporated in the SP-lOO reference flight mission for an 
electrical power output of 100 kWe- The actual electrical ^wer output and 
fW design requirements of the SP-100 reference flight mission might vary 


3.4 


CONFIGURATION TRADES 


** “«ntioned before, mass and specific power are important factors 
used in the comparison of power systems. Specific power is the ratio of the 
system mass to the available electrical power output. Mass and specific power 
of particular importance to the spacecraft mission planners and designers. 
Therefore, the ^ss and specific power will be used to compare the effects of 
altering the reference mission parameters in response to different user needs. 


3.4.1 


Power Level 


^^8ure 3-6 shows the relationship between system mass and required 
electrical output level. The system mass includes the reactor, heat transport 
and radiator mass, and the minimum required shielding to meet the reference 
mission radiation and user plane/boom-length requirements. 


3.4.2 Shielding 


Figures 3-7 and 3-8 illustrate a typical relationship between 
system mass and neutron and gamma fluence respectively. These trade-offs are 
for the comparison of unmanned missions; manned missions will typically limit 
dose at the user plane and thus the wide range of dosages illustrated in these 
figures may not be allowable. 

As can be seen from Figure 3-7, the system mass is relatively 
insensitive to changes in neutron fluence requirements. This is fortunate in 
that a majority of electrical components are more sensitive to neutrons above 
certain threshold energy levels. Note that there are some electrical 
components that tend to be quite sensitive to gamma exposures. The 
insensitivity of system mass is attributed to the lithium hydride shielding, 
which is light in weight and thus contributes to only a small portion of the 
total shield mass. Increasing the neutron shield by a factor of ten, for 
exMple, may only add three to four percent to the overall system mass. Any 
reduction in neutron fluence is also accompanied by some reduction in eainna 


The tungsten-based gamma shielding is an altogether different case. 
Reducing gamma dosage by a factor of 10 would cause significant increases in 
system mass because tungsten is a dense material. These increases are re- 
flected in Figure 3-8, which shows an increase of 28 percent in system mass for 
tne mentioned decrease in ganma dosage. 

Figures 3-7 and 3-8 apply only to unmanned spacecraft. Manned mis- 
sions have typically much stricter radiation requirements. Fully man-rated 
shields (i.e., no exclusion sone surrounding the reactor) drastically increase 
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the system siass. A lOO-kV^ system may increase in mass by a total of 
45(000 kg when fully man-rated shielding is employed. Since the radiation 
drops off at the user plane as a fimction of distance* Increasing the boom 
length can decrease th^shield mass as siuch as 20«000 kg (200-m boom or 
greater). However, decreasing the shielding introduces a manned EVA exclusion 
aone around the reactor. 

. • 

The shielding necessary to meet man-rated requirements is completely 
dependent on the maximum allowed biological dose rate and varies with the 
factors mentioned in Section 3. 3. 3. 2. Recent Space Station studies have set a 
limit of 20 Rem per quarter to the eyes. The radiation exposure due to the 
natural background radiation must then be calculated based on the desired 
duration of stay. The background radiation will vary with location on or 
around the station. These dosage calculations combined with the maximum 
allowable dosage provide the dosage margin to which the reactor shielding must 
be designed. The reactor shielding required for other manned or man-tended 
missions may differ because parameters such as duration of mission and 
required EVA will vary. A thorough analysis of Space Station shielding 
requirements may be found in NASA Lewis PIR-300. 
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Figure 3-6. System Mass vs. Power Level (based on reference design) 
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Figure 3-7. System Mass vs. Neutron Fluence 



Figure 3-8. System Hass vs. Gamna-Dose Requirements 
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Unmanned aieslons, while not affected by excluaion conesi have 
Ifttle to gain by lengthening the boom. The shielding employed on the unmanned 
t'cference design is already the minimum needed to meet requirements, and 
increasing the boom length increases the overall support structure mass. 

Figure 3-9 shows that, at best, less than 500 kg can be saved by increasing 
the boom length, when minimum required shielding is used* ^ 

It Biust be assumed that some user payloads will require a user plane 
diameter greater than the 4.5 meters specified as baseline. Figure 3-10 depicts 
the change in overall system mass as a function of the user plane diameter. 


3.5 SPECIAL CONSIDERATIONS 


3.5.1 Orbital Delivery 

Because of its mass, man-rated shielding has the disadvantage of 
needing to be assembled around the reactor while in orbit. Fully man-rated 
shielding requires several STS or expendable launch vehicle (ELV) flights to 
place the necessary shielding material in orbit. The reactor must be kept in 
its prelaunch dormant mode and thawed after the shielding is in place. Surface 
deployed reactors may be able to utilize local materials for shielding. 

In order to minimize radiological hazards during preflight 
operations, the SP-lOO is to be launched in a highly subcritical frozen 
state. Further, the reactor will have had essentially no power history and 
therefore no fission product inventory or decay heat. Once the desired orbit 
is achieved, the reactor is brought critical by a slow reactivity addition. 
Thermal power is increased and used to thaw the reactor and power conversion 
system, finally achieving full power. 

Particular issues dealing with launch safety are dependent on the 
launch vehicle and its accepted practices. A discussion of possible launch 
vehicles and their capabilities appears in Section 5.3.3. 


3.5.2 System Reliability, Maintainability, and Availability and Lifetime 

An issue which affects the application of SP-100 SRP technology to 
particular missions is the reliability, maintainability and availability (RMA) 
and the lifetime of the power system. At present, the SP-100 is projected to 
have a 95 percent probability of success for the first two years of its life. 
Growth toward a 95 percent probability of success for its entire 7-year full- 
power life is hoped for as more units are deployed and the technology matures. 
This raises some concern for Class A scientific missions which utilize early 
SP-100 units. These concerns are addressed in Section 5.3.4. 


3.5.3 End-of-Life Disposal 

An expended space nuclear reactor can pose a long-lived radiological 
safety hazard. A means of safe disposal is required for low Earth orbit (LEO) 
and surface-deployed reactors. For orbiting reactors, there are alternatives 
to returning the SRPS to Earth. First, the reactor stay be boosted to a 
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System Mass vs. Reactor/User Plane Separation Distance 



3-10. Change in System Mass vs. User Plane Size 
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heliocentric orbit. Once this is done, the reactor will not pose any danger 
of accidental re-entry or future risk to Earth-orbit operations. However, 
heliocentric SRPS disposal would involve large propulsion requirements 
(e.g., chemical propellant quantities). 

Another alternative is to place the reactor into a far Earth orbit 
called a safe nuclear disposal orbit (SNDO). The duration of this orbit is 
calculated such that the time required for orbital decay and subsequent reentry 
allows the reactor fuel radioactivity to decay to acceptable radiation levels. 
The duration of a safe nuclear disposal orbit has been established as 
300 years; however, the effects of the eventual reentry have not been fully 
investigated. SNDO disposal of the SRPS would entail considerably reduced 
propulsion requirements, versus heliocentric orbit disposal. 

Surface-deployed reactors may be interred in situ. This requires 
that the reactor be deployed some distance from surface facilities in order to 
minimize long-term radiation exposure. This disposal approach also permits 
future salvage of the depleted reactor. 

Other disposal options include the disposal of orbiting reactors on 
the lunar surface or by returning the reactor to Earth using the Space Shuttle. 
Missions operating entirely beyond Earth's gravitational influence require no 
special disposal (orbit transfer) mechanism. 
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SECTION 4 


POTENTIAL CIVIL MISSIONS APPLICATIONS 


4.1 


INTRODUCTION 


. This section describes a few of the siany U.S. civil nissions which 
have been proposed for the coming decades. Only those missions requiring sub- 
stantial levels of electrical power have been examined in this study. These 

divided into three categories; science and exploration 
4NASA1, space operations (NASA and private), and commercial utilisation (pri- 
vste). It was assumed that all missions requiring substantial spacecraft pro- 
pulsion capabilities would employ nuclear electric propulsion. This assumption 
was ude because of the quantity of electric power that would be made available 
by the introduction of an SRPS. 


4.2 SCIENCE AND EXPLORATION 

This section discusses selected science and exploration missions, 
^e., missions which will add to our knowledge of the solar system and beyond. 
These missions are grouped into four areas: sample return; observation and 

exploration; extra-solar spacecraft; and large space observatories. 

4.2.1 Overview 


During the coming decades, the United States will send a wide 
variety of science and exploration missions using both probes and orbiters to 
further our investigation of the solar system. These missions will explore 
comets and asteroids, and conduct both global and on-site studies of the other 
planets. Some missions will gather material from these bodies and return it 
to Earth for more detailed study. Scientific knowledge of the solar system's 
origin and composition will greatly increase as a result of the detailed 
investigations of the structure, composition, and behavior of the solar 
system’s planets and other bodies. 


The primary science objectives for the planetary missions include: 

o determination of the magnetic field of the planets, the mag- 
netosphere of the system, and the magnetospheric interactions 
between trapped radiation, the planets, and satellites 

o Investigations of any unique features of the planets 

o investigation of the interplanetary enviroiunent beyond Saturn 

o determination of the internal structure, surface, and 

atmosphere of the planets and their satellites. 

Asteroids and comets are of special scientific interest because 
these bodies may contain matter virtually unchanged since the formation of the 
solar system; scientists want to study this material in depth in order to learn 
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o investigation of the condensation, accretion, and evolutionary 
processes which occurred in the solar system before and durine 
planet formation * 


o determination of the composition, structure, and physical state 
of an asteroid or of a comet nucleus and cometary atmospheres 

o investigation of the interaction of a comet and the solar wind 

o determination of the origin of comets and asteroids. 


proposed science and exploratory missions have closely related 
objectives, similar operational procedures and power requirements. Each mis- 
sion requires po^r for the electric propulsion and for operating the scien! 
tific paylwd. The power requirements of the payload will vary with the 
of te h’ 1 ^* propulsion system’s power requirements will vary with the choice 


SRPS must be provided with some shielding in order to orotect th.. 
scientific payload from nuclear radiation. Some of the instruments and 
scientific TCasurements may be radiation-sensitive and so require additional 
protection in order to produce accurate results. Similarly, samples being 
returned to ^rth may require additional protection in order to preserve their 
original condition. Most of the exploratory spacecraft are near humans only 
during the planned orbital assembly and launch phase, remaining out in space 
^o®Pl«tion of the mission. However, the sample return spacecraft! 
ough also assembled and launched from low Earth orbit (LEO), will return 
to Earth orbit to deliver their payload. 


4.2.2 


Sample Return Missions 


< ,.1 .. studying samples taken from other bodies in our solar system 

with the early development and evolution of the solar system. Moreover, sample 
return missions would also identify the presence of resources Important to 
future exploration and settlement of space. 


-f- Mterial sampled must be representative of the body being 

^af^'f^d sampling, the orbiting space- 

V * ecientific package in addition to the samplfe 

collecting systems. The global studies conducted from the spacecraft would 
characterisation, imaging, and geophysical information. 

Surface chemistry experiments could further characterize the composition of 
the asteroid, comet, or planet. position or 

.. .. 11 .. « •“pie to Earth allows scientists to conduct a more 

enalysis of the material than can be carried out remotely. These 
studies Slay include the following: 
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o water content and state of hydration 
o identification of organic conpounds 

o Bineralogy and petrography 

o elemental assaying 

o shock and irradiation effects 

o age dating 

® radioactivity and stable isotope Hieasureoents. * 

-1 1 Identifying resources for future nining, development, and use is 

particularly important on the Moon and on Mars in order to prepare for poten- 
tial hu^n settlements. On the Moon, for example, prospector and probe mis- 
sions will survey the Moon and investigate promising sites. Sample return 
missions will follow, further investigating the most intriguing sites and 
learning more about surface material composition. This data will be important 
for siting planetary bases and for such operations as mining and surface 
material processing. 

Resources discovered on asteroids and other bodies may also be 
important to human space settlements. This material may be mined and trans- 

applications at a lower cost than comparable material 
launched from the Earth. Comets and asteroids will certainly contain material 
of great scientific interest. 


Return . Main-belt asteroids are found primarily in 
which lie between Mars and Jupiter. Astronomers believe that these 

formed in the inner solar system along with the other 
objects in the main asteroid belt. Studying these asteroids will give scien- 
tists important information about the formation of the Earth and the other 
bodies in the solar system. 

In the asteroid sample return mission envisioned in this study, a 
number of main-belt asteroids would be surveyed and sampled. The main asteroid 
sample return spacecraft has been assumed to utilize nuclear electric propul- 
sion. The asteroid sample return spacecraft (see Figure 4-1) will visit up to 
four main-belt asteroids, taking from five to nine years to visit them and to 
return to Earth orbit. The spacecraft carries a reusable lander and scien- 
tific package to a selected target asteroid of special scientific interest. 

While station-keeping in the vicinity of the subject asteroid, the 
spacecraft conducts global science studies and selects a sample site. A lander 

jsteroid surface, where it performs surface science exper- 

r asteroids have been visited, the spaceLaft re- 

turns to Earth orbit, where the samples are retrieved for scientific analysis. 

— 4-1 provides several key parameters which characterize the 
Mteroid sample mission assessed in this study. Power levels are driven by 
the utilization of NEP by the spacecraft. ^ 


4-3 



Figure A-1. Conceptual Illustration of an Asteroid Sample Return Mission 


Table 

4-1. Key Parameters for Asteroid Sample Return Mission 

Mission 

Rendezvous with several main-belt asteroids. Acquire samples 
via reusable lander. Return them to Earth for analysis and 
resource evaluation. 

Power 

Requirements 

80-100 kWg 

Mission 

Life 

5-9 years 
launch 1998+ 

Orbit 

Not applicable 

Shielding 

Protect instruments and samples from radiation and heat 

Spacecraft' 

RMA 

Reactor represents single point-of-f allure 
Class A science mission; RMA critical 


4-4 



4. 2. 2. 2^ Comet Nucleus Sample Return . Comets are also believed to contain 
primordial material. The origin of both the solar system and comets will be 
better understood through studying comets. The comet sample return mission 
will acquire pristine samples of a comet for characterisation of its ice, dust, 
and nucleus. A monitoring station will remain to study the comet behavior and 
nucleus surface activity. 

. • 

The mission spacecraft (see Figure 4-2) travels to the chosen 
short-period comet, arriving about 50 days before aphelion and staying from 
100 to 150 days. The primary spacecraft carries the following other craft and 
equipment: 

o science payload — characterizes the nucleus, performs site 
documentation 

o autonomous lander - performs surface science operations; drills 
into the nucleus to collect the one-meter core sample 

o long-life science station - anchors itself to the surface on 
landing; remains through one period of the comet to observe 
nucleus surface activity over one complete orbit and to 
transmit its observations to Earth. 

The lander carries the sample to the primary spacecraft, where it 
is hermetically sealed in a capsule in order to preserve its condition. The 
spacecraft returns to earth orbit and the samples are recovered. 

Table 4-2 provides several key parameters which characterize the 
Comet Nucleus Sample Return mission assessed in this study. As in the case of 
the Asteroid Sample Return Mission (see 4. 2. 2.1), the utilization of NEP by 
the spacecraft presents the driving requirement for SRPS power levels. 


4. 2. 2. 3 Mars S urface Sample Return . The objective of this mission is to 
collect samples from the surface of Mars and return them to Earth. On-site 
studies and sample analyses will allow scientists to expand the existing base 
of knowledge regarding the surface and subsurface composition of Mars. 

The Mars Sample Return spacecraft (see Figure 4-3 and Table 4-3) 
travels to Mars, and uses a spiral descent into a 500-km circular orbit around 
the planet. As in the other sample return missions, a lander craft leaves the 
primary (NEP-powered) spacecraft and descends to the surface for sample 
collection. However, in the Mars Sample Return mission assessed in this 
atudy, the lander craft is substantially larger than in the Asteroid or Comet 
Sample Return cases. The lander craft transports both a Mars rover and an 
ascent vehicle to the martian surface. The rover collects surface and 
subsurface samples from a wide range of martian territory surrounding the 
landing site; these are returned to the ascent vehicle and hence back to the 
primary vehicle waiting in Mars orbit. The prisiary spacecraft returns the 
samples to Earth orbit (probably to the U.S. Space Station) for quarantine and 
subsequent analyses, completing the four- to five-year mission. 
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Figure 4-2. Conceptual Illustration of a Comet Nucleus Sample Return Mission 


Table 4- 

2. Key Parameters for Comet Nucleus Sample Return 

Mission 

Mission 

Rendezvous with short-period comet. Collect sample of comet 
nucleus via reusable lander. Return it to Earth for 
analysis, leaving long-term monitoring station on comet 
surface. 

Power 

Requirements 

80-100 kWe 


Mission 

Life 

12-18 years 
launch 2000-f 


Orbit 

Not applicable 


Shielding 

m ' 

Protect instrument and samples from radiation and 

heat 

Spacecraft 

RMA 

Reactor represents single point-of -failure 
Class A science mission; RMA critical 




Figure 4-3. Conceptual Illustration of 


a Mare Surface Sample Return Mission 


Table 4-3. Key Parameters for Mars Surface Sample Return Mission 


Mission 


Power 

Requirements 

Mission 

Life 


sample from the surface of Mars and return it to 
Earth for analysis and resource avaluation. 


80-100 kW- 


4-5 years 
launch 2003-t- 


Orbit 

Shielding 

Spacecraf t 
RMA 


Not applicable 

Protect instruments and samples from radiation and heat 

Reactor represents single point-of-failure 
Class A science mission; RMA critical 



Because of the availability of solar radiation at the orbit of 
Mars, the Mars Sample Return mission is a strong candidate for non-nuclear 
implementation; for example, using solar dynamics and Solar-Electric 
Propulsion (SEP). Solar and chemical alternative scenarios, although viable, 
have not been considered as a part of this study. 

Power for the Mars rover during exploration and in surface sample 
collection operations is a key issue that has not been addressed in this 
assessment. The robotic rover may require power in the 5- to 10-kWg range; 
this could be provided by either an RTG or a small reactor power system. The 
assessment provided in Section 5 considers only the NEP-driven requirements of 
the primary spacecraft. 


4.2.3 Observation and Exploration Missions 

The Voyager Program has already given scientists an intriguing 
glimpse of Jupiter, Saturn, and Uranus. Additional orbiters and probes would 
provide long-term, remote observations of the outer planets. These missions 
would add to scientists' knowledge and understanding of these planets, their 
ring systems, and satellites. 


4.2. 3.1 Saturn Ring Rendezvous /Exploration . This mission will allow 

detailed observation of the rings of Saturn and studies of their origin, 
evolution, and composition. The basic mission would be the Saturn Ring 
Rendezvous Plus Radar, while enhanced options could include a Titan probe. 
Titan orbiter, and Saturn probe. The scientific objectives of this mission 
include the following; 

o determination of the three-dimensional structure and behavior 
of Saturn's rings and magnetosphere 

o investigation of the chemical composition, physical properties, 
and dynamical behavior of the atmosphere 

o characterization of the physical and chemical properties of the 
ring particles. 

The Saturn orbiter (Figure 4-4 and Table 4-4) arrives at Saturn 
after seven to ten years, and spirals inward via circular orbit in the ring 
plane. When the spacecraft reaches the G-ring, which lies approximately 
109,000 km above Saturn, it begins to follow a non— Keplerian orbit 18 km. above 
the ring plane, at the inner edge of the D-ring. The spacecraft orbit will 
pass thrdugli ^e E- and G-rlngs, and perhaps through the F-ring as weil. This 
will be a hazardous n^eiiver even though the E- and G-rings are composed oF 
micron-size dust moving at a relative velocity of~^ because the 

and G— rings are 1,000—2,000 km thick. Little is known of the composition 
of the F-ring. Figure 4-5 details the ring structure and the spacecraft 
approach orbit. It is hoped that the nuclear power system (SP-100 SRPS, which 
is considered hardened to these low-level dust threats) will provide some dust 
shield protection to the payload and its instruments. 
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Figure 4-4. 


Conceptual 

Mission 


Illustration of a Saturn Ring Rendezvous /Exploratic 


Table 4-4. Key Parameters for Saturn Ring Rendezvous/Exploration Mission 


Mission 


and*Titan^* structure and composition. Observe Saturn 


Power 80-100 kW^ 

Requirements 


Mission 9-13 years 

. launch 2005+ 

Not applicable 

Protect instruBtents from radiation and heat 

Reactor represents single polnt-of-f allure 
Class A science mission; RMA critical 


Shielding 

Spacecraft 

IMA 
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Figure A-5. Saturn Ring Spacecraft Approach Path 
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Figure 4-6. 


J 


Conceptual 

Mission 


Illustration of a Far Outer Planets Probes/Orbiter 


Table 4-5. 

Key Parameters for Far Outer Planets Probes/Orbiters Mission 

Mission 


Power 

Requirements 

80-100 kWg 

Mission 

Life 

8-11 years 

launches beginning 2010+ 

Orbit 

Not applicable 

Shielding 

Protect instruments from radiation and heat 

Spacecraft 

RMA 

Reactor represents single point-of-failure 
Class A science mission; RMA critical 
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Figure 4-7. Conceptual Illustration of a Thousand Astronomical Unit (TAU) 
Explorer Mission 


Table 4-6. Key Parameters for Thousand Astronomical Unit (TAU) 
Explorer Mission 


Mission 

Conduct science and imaging observations and perform 
astrometry at 1,000 AU from Earth. 

Power 

Requirements 

300-1000 kWg 

Mission 

Life 

Indefinite life; reach 1,000 AU in 55 years 
launch 2010-f, 10-year propulsion phase 

Orbit 

Not applicable 

Shielding 

Protect instruments from radiation and heat 

Spacecraft 

RMA 

Reactor represents single point-of-failure 
Class A science mission; RMA critical 



Following the beginning of operations at the manned Lunar base, and 
the beginning of surface mining/processing operations, the development and 
operation of major observatories on the back side of the moon will become 
feasible. One such concept is the Large Array Lunar Observatory (LALO); this 
observatory will be utilized in the search for near-by extra-solar planetary 
systems. The LALO will consist of approximately 100-200 individual reflector/ 
receivers arranged in a five hundred meter circular array. Each receiver will 
require power and refrigeration systems; for a 160 reflector array the total 
power requirement is approximately 130 kW^. Table 4-7 provides several key 
parameters for the projected large Array Lunar Observatory. Figure 4-8 pro- 
'^ides an illustration of the LALO on the Lunar surface. 

The LALO will be an unmanned, long-term operational facility. Per- 
iodic maintenance, and replacement of the power system will thus be a require- 
ment, but manned proximity operations will not. In the presently envisioned 
configuration, primary scientific objective of the LALO would be observations 
of extra-solar planetary systems within a distance of approximately 10 parsecs 
(33 light years) of the Solar System. This objective results in the large 
scale of the observatory, the large number of individual receivers, and the 
high levels of power required. 


4.3 SPACE OPERATIONS 

This section discusses selected space operations missions during 
the 1995-2050 timeframe; including most of the planned U.S. inner solar system 
space infrastructure. This category includes space vehicles and outposts 
where humans live and work. It also Includes the Materials Processing Factory 
Platform, which is a component of the Space Station, but will be a conmercial 
operation. 


4.3.1 Overview 

As the United States increases activities in space during the coming 
decades, new vehicles and bases will be required to support them. The Space 
Station represents the first logical step in building this infrastructure in 
space. A wide variety of activities will be conducted from the Space Station, 
including: (1) spacecraft servicing and staging, (2) astrophysics observations 

and Earth remote sensing, (3) space technology and engineering research, (4) 
life sciences research, and (5) commercial research and operations (e.g., 
materials processing laboratories and factories). 

Stepping further away from Earth during the early portion of the 
21st century, planetary bases, probably on the moon and Mars, will open up 
still broader frontiers. The scientific research, and resource exploration 
and production carried out at these bases will add still further to our 
knowledge.and capabilities. 
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Ajtrophysicf observation* and the detection of near-by 
(approximately 30 lightyeara) extra-aolar planetary aystems 


130 kW. 

Bequireatent* 


Mission 

Orbit 


Indefinite Life 
Approximately 2015+ 

Lunar Surface 


Shielding 

Spacecraf t 
BMA 


Protect observatory systems from radiation 
protect periodic manned maintenance crews 


and excess heat; 


Observatory elements must be accessible for 
evolutionary modiflcaions 


repairs and 



Figure 4-8. 


Conceptual Illustration of a Urge Array Lunar Observatory 
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A variety of new space vehicles will be developed to support these 
space activities. Chemically propelled Orbital Maneuvering Vehicles (OMVs) and 
Orbital Transfer Vehicles (OTVs) will carry personnel and time-sensitive cargo 
between various Earth orbits. Unmanned nuclear electric OTV's will shuttle 
non— time sensitive payloads between low Earth orbits (LEO) and geosynchronous 
orbits (GEO) and the moon. As operations expand, still more advanced vehicles 
will be developed to carry people and cargo between the Earth-Moon system and 
Mars. 


4.3.2 Space Station 

4. 3. 2.1 Overview . The Space Station will be a permanently manned facility 
in low Earth orbit (500 km) designed both to satisfy the requirements of the 
near-term missions and to enable on— orbit evolution to accommodate Increasingly 
complex and ambitious missions. The Space Station will support a variety of 
users and activities, including U.S. commercial missions, science and applica- 
tion activities, and technology research and development, as well as inter- 
national participation by Europe, Japan, and Canada. Ultimately, the Space 
Station complex will consist of a core, permanently manned facility plus remote 
and co-orbiting free flyers and platforms; chemically propelled Orbital Maneu- 
vering Vehicles (OMVs) and Orbit Transfer Vehicles (OTVs) based at the Station; 
extensive storage and servicing facilities, and one or more unmanned platforms 
in polar orbit. 

The reference configuration of the core Space Station is the 
so-called "dual-keel, power tower." This configuration was developed during 
the 1985-1987 Definition Phase of the Space Station Program and represents the 
best basis for establishing the scope of Station-based space operations for 
the 1990s time frame. 

In the present configuration, the Space Station will operate in a 
local vertical/local horizontal orientation, with the primary dual keels along 
the vertical direction (taking advantage of gravity gradient stabilization to 
reduce the burden on the attitude control system). Two solar array booms, 
each acconroodating two photovoltaic arrays and one solar dynamic system, will 
produce an average power level of approximately 75 kWg. Two U.S. modules - 
one habitation module and one laboratory module - are planned. Two other 
BX)dule8 — one Japanese and one European — will be accommodated on the Initial 
Operational Capability (IOC) Station. Externally attached payloads, including 
science, technology, and commercial missions, will be physically located and 
provided with utilities (such as power, thermal/heat rejection, and data links) 
at one of several "payload attachment equipment" sites on the primary struc- 
ture. The IOC reference configuration will acconniodate solar-, stellar-, and 
anti-Earth-pointing, externally attached payloads on the "upper" boom, and 
Earth-pointing payloads on the "lower" boom of the Space Station. Other pay- 
loads, including many projected technology development missions, will be accom- 
modated '^t various other attached payload locations on the Station's primary 
structure. 
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O perations . The Space Station will serve as the primary stasine 
site in a developing U.S. space infrastructure* including activities in and 
beyond low ^rth orbit. A variety of launch and resupply vehicles (primarily 
space shuttles) will link the Space Station to Earth, while OTVs and*^OMVs ^ 
(manned and unmanned) will provide transportation between the various orbits 
and from one spacecraft to another. 

Space ShuUle will provide the basic logistics capability needed 
to launch food, water, and maintenance supplies to the Space Station. Crews 
Wll rotate duty on 90-day cycles. The Shuttle will also deliver aquipLnt and 

back'^thi'fin?!?^*^!** laboratories and commercial platforms, and will carry 

back the finished products and laboratory results. The Shuttle, and perhaps 
expendable launch vehicles (ELVs), will also launch aatellites. space^If^^end 
other equipment to be assembled and deployed by the Space Station crew. 

The Space Station will provide its crew with life support, medical 
and recreation facilities, housing, and other needs. The crew, in turn, will 
repair, Mintain, assemble, and deploy spacecraft, tend the companion free- 
flying platforms, and maintain satellites in orbit (or retrieve them for repair 
on board the station, if necessary). In addition, the crew will construct ind 

any assemblies too large or delicate to be launched assembled 

etlin Spacecraft for science and explor- 

ation missions if the craft were not to be launched directly from Earth; then 
they could ferry the craft to high orbit, activate and launch it. 

The Station will play a major role in the advancement of space 
technology and engineering. Some technologies will support the evolutionary 

OTVs^^rOMu! Station-s eventual capabilities. For example, 

OTVs and OMVs to be implemented at the station will support assembly and repaid 
of spacecraft in orbit. Other technologies will be developed on thl Space 
Station for application in a variety of advanced space operations. Areas for 
future technology development will include advanced ion propulsion, space 
qualification of advanced electronics, large space structure controls and 
dj^ics. fluid and thermal physics, materials, automation and robotics, and 
life support systems. In fact, research into long-term life in space will be 
particularly important, both for Growth Space Station operations and for 
luture manned interplanetary voyages. 


^ Space Station Scenario. The Space Station will grow gradually as 
technologies are developed and user needs expand. The first facility, the 
permanently unned capability" (PMC) Space Station, will be constructed in 
space during 1993-1994. Table 4-8 provides preliminary power requirements for 
the Space Station PMC configuration. Following PMC, a steady build-up will 
occur, until the currently planned Initial Operating Capability (IOC) Space 
Station is achieved (approximately 1995). Table 4-9 provides preliminary 
power requirements for the Space Station IOC configuration. 
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Table 4-8. Space Station Permanently Manned Capability (PMC) 
Power Requirements 

Elements 

Power Requirements 

Habitat Modules - 1 (crew of 4) 
Laboratory Modules - 1 
Servicing Facility & Systems 
Systems (GN&C, C&T, etc.) 

10.0 kWg 

15.0 kWg 
5.0 kWg 

10.0 kWg 

Approximate Total Power Requirement: 

40.0 kWg 


Table 4-9. Space Station Initial Operational Capability (IOC) 
Power Requirements 

Elements 

Power Requirements 

Habitat Modules - 1 (crew of 6) 
Laboratory Modules - 3 
Attached Payload Missions - 5-t- 
Servicing Facility & Systems 
Systems (GN&C, C&T, etc.) 

15.0 kWe 

35.0 kWg 

10.0 kWg 

5.0 kWg 

10.0 kWg 

Approximate Total Power Requirement: 

75.0 kWg 


The IOC Station will continue to evolve during that closing year of the decade 
to become the projected Growth Space Station. Two alternative scenarios for 
the Growth Space Station Complex have been considered in this study. In 
Option If it was assumed that all primary Space Station functions will be 
performed on the core Station platform* including materials processing 
production operations. Table 4-10 provides preliminary power requirements for 
the Growth Space Station under Option 1. An illustration of a nuclear— powered 
Growth Space Station is provided in Figure 4—9; Key parameters for (option 1) 
Growth* Space Station are provided in Table 4-11. 

In Option 2* it was assumed that materials processing production 
operations could, and would, be downloaded onto a specialised, coorbiting 
platform. Table 4-12 provides preliminary power requirements for the Growth 
Space Station under Option 2. 


4-18 



Table 4-10. 


Space Station - Growth Configuration Power Requirement.: 
th. 'r<»luction n.c.^ o. 


Element. 


Power Requirement. 
» 


Habitat Module. - 2 (crew of 12) 
laboratory Module. - 5 
Material. Processing Production Unit. 
Attached Payload Missions - 10+ 
Servicing Facility L Systems 
System. (GNiC, CtT, etc.) 


2 X 15.0 kV. 

60.0 kW« 
140.0 kW, 

20.0 kWe 

30.0 kWg 
30.0 kWg 


Approximate Total Power Requirement: 


330.0 kWg 



Figure 4-9. 


Conceptual Illustration of a Nuclear Powered Growth Space Station 
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Table 4-11 

. Key Parameters for Growth Space Station (with materials 
processing production) 

Mission 

Provide a permanently manned base for planetary staging oper- 
ations, spacecraft assembly, materials processing research, 
and other development work. The Growth Space Station will 
include various satellites and platforms. 

Power 

Requirements 

330 kWg 

Mission Life 

2000 - 2015+ 

Orbit 

Low earth orbit of 500 km 

Shielding 

Protect crew, instruments, and experiments from radiation and 
heat; serious proximity operations concerns 

Spacecraft 

RMA 

Crew must be able to maintain the space station 
Spacecraft must be able to approach the base 


Table 4-12, Space Station - Growth Configuration Power Requirements; 

Option 2: Materials Processing Production Placed on the MPFP 


Elements 


Power Requirements 


Habitat Modules - 2 (crew of 12) 

2 X 15.0 

kWp 

Laboratory Modules - 5 

80.0 

kW® 

Attached Payload Missions - 10+ 

20.0 

kWg 

Servicing Facility & Systems 

30.0 

kWg 

Systems (GN&C, C4T, etc.) 

20.0 

kWg 

Approximate Total Power Requirement: 

180.0 

kWe 


I 

1 
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After some period of operationst the Growth Space Station will be 
replaced by more Advanced Space Station configuration. The Advanced Space Sta- 
tion(s) will continue the basic LEO operations of the initial Space Station 
complex, but with increased emphasis on very-long duration manned operations in 
support of manned and unmanned mission staging, and also servicing and mainte- 
nance support for the Earth-Moon space infrastructure. Table 4-13 provides 
preliminary power requirements for the Advanced Space Station concept. Those 
requirements are based upon the assumption that Option 2 - downloading of 
materials processing production units to a coorbiting platform - has been 
pursued . 


Using the mission requirements listed in Space Station Mission Re- 
*!“frements Data Base (MRDB) and reasonable assumptions regarding the availabil- 
ity of the space shuttle fleet for Space Station user mission logistics flights, 
a JPL-developed simulation program, the Mission Forecast Program, was used to 
develop synthesised user requirements for electrical power for both the IOC 
and Growth Space Station Periods. Figure 4-10 presents the MFP-synthesized 
mission user requirements for electrical power aboard the Space Station during 
the 1990s and the early years of the next century (for Option 2). 

As described above, the current IOC Space Station reference config- 
uration does not incorporate the utilization of an SRPS for electrical power 
generation; the Space Station depends instead upon photovoltaic and solar 
dynamic engine solar arrays for power. Although the Growth Space Station may 
require power levels of approximately 300 kWg, concerns remain regarding low 
Earth Orbit disposal of an SRPS luider emergency conditions and also the issue 
of SRPS shielding. In the latter case, near-continuous crew extravehicular 
activity (EVA) and regular space shuttle proximity operations create a poten- 
unacceptable shield mass/configuration requirement for a reactor system. 
However, as discussed above, commercial materials processing missions may be 
placed aboard the Space Station or on coorbiting platforms. A Materials Pro- 
cessing Factory Platform (MPFP) could be an important commercial activity for 
the Growth Space Station. This concept is discussed in Section 4.3.3. 


Table 4-13. Space Station Complex - Advanced Station Power Requirements 
(without on— board materials processing production units) 

Elements 

Power Requirements 

Habitat Nodules - 8 (crew of 48) 

6 X 15.0 kWe 

Laboratory Modules - 7 

180.0 kWg 

Attached Payload Missions - 15-f 

40.0 kWe 

Servicing Facility 4 Systems 

80.0 kWe 

Systems (GN4C, C4T, etc.) 

50.0 kVe 

Approximate Total Power Requirement: 

470.0 kW^ 


— 





YEAR 


Figure 4-10. Core Space Station (IOC and Growth) Mission User Power Require- 
ments (without materials processing production units) 


4. 3. 2. 4 Space Station Complex; Geosynchronous Orbit . In addition to the 

evolving system of manned and unmanned platforms that will constitute the 
Space Station complex in low earth orbit, a Space Station-derived, man-tended 
platform will be established at a geosynchronous Earth-orbit. This platform 
will serve as a way-station and supply/servicing depot for various Earth-Moon 
system operations. (Note: in alternative scenarios, the GEO Space Station 

could replace many of the functions projected for the LI Libration Base; in 
this assessment it is assumed that one such point will be fully developed 
while the other serves only a limited role. The Libration Base was selected 
for the sake of this analysis.) The power requirements for a man-tended, 
depot-oriented platform are in the 10-40 kWg range, hence no analysis of 
this element of the infrastructure is provided in this report. 


4.3.3 Materials Processing Factory Platform 

4. 3. 3.1 Overview . The Materials Processing Factory Platform (MPFP) concept 
would place a research and manufacturing facility coorbiting with the Growth 
Space Station. T he HPFP would enable researchers and manufacturers to examine 
long-duration, ultralow acceleration materials processing (both basic research 
and production operations). By eliminating gravitational effects, the MPFP 
would allow the production of materials which cannot be cost-effectively made 
on Earth, as well as conduct research to improve terrestrial oiaterials 
processing techniques and products as sx>re is learned about the basic 
properties involved. Section 4. 3. 3. 2 describes the MPFP. Section 4. 3. 3. 3 
discusses likely materials processing activities. 
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Containerless processing generates more ideal glassy properties and 
may produce unique glasses, impossible to duplicate on Earth. Under micro- 
gravity conditions, fluids tend to form large globules which float whole in 
space. Materials can be melted and resolidified without ever contacting the 
container walls. This decreases the opportunities for contamination and 
increases glass quality. 


Materials Processing Factory Platform Scenario . Using the mission 
requirements stated in the Space Station MRDB and the MFP simulation program 
(see Section 4.3.2), mission user power requirements for a commercial MPFP in 
the Growth Space Station era were synthesized. The detailed results of that 
analysis appear in Figure 4-11. Table 4-14 provides preliminary power 
requirements for the Materials Processing Factory Platform. Figure 4-12 
provides a conceptual illustration of the MPFP in LEO, while Table 4-15 
summarized key parameters for the platform. 



Figure 4-11. Materials Processing Factory Platform Mission User 
Power Requirements 


Table 4-14. Materials Processing Factory Platform Power Requirements 


- 

Elements 


Power Requirements 


... 

Full Scale Modules - 4 


4 X 30.0 kWe 


Half— Scale Production Modules - 

- 2 

2 X 10.0 kWg 


Logistics Modules - 2 


2 X 5.0 kWe 


Systems (GNiC, CS.T, etc.) 


10.0 ky^ 


Approximate Total Power Requirement: 

160.0 kwe 




Figure *-I2. Illu.tr.tion for . M.t.rl.1. Proc.ln, F.ctory 
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Mission 

Life 

2000^' connercial operations 

Orbit 

Coorbit with Space Station 

Shielding 

Protect biological aaiterials and crew fro« radiation and heat 

Spacecraf t 
IMA 

Accessibility inportant (human- tended) 
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4. 3. A 


Lunar Settlement 


4.3.4.1 Ov erview . Just as the space station will grow through stages, so 

will human settlements on the Moon. First will come the preparatory missions 
- probes, prospectors, and sample return missions to expand our present 
knowledge of the Moon. Camps will be established on the Moon at promising 
sites, along with a permanently occupied initial operational camp which will 
grow into the nominal operational base. The settlement's third and final 
stage will be the colony, or growth operations stage. The colony will attempt 
a closed-ecology life support system to the greatest feasible extent, using ^ 
on-site materials to supply its needs. * 

stage . While the Apollo Program and other missions 
Moon's surface, the data is highly incomplete. 
S^ple data is limited for the near side, and nonexistent for both the far 
lltL the potentially important polar regions. Photographic and chemical 
surveys of the Moon are Incomplete for the far side and very limited for the 

this situation, probes, prospectors, and 
s^ple return missions will survey the lunar surface and investigate locales 
of particular interest. The resulting data will be used to select sites for 
further investigation and for future bases and operations posts. 

Following analysis of the data gathered by the unmanned missions, 
manned lunar explorations will continue, and camps will be established at 
interesting sites. These camps may be separated according to activities as 
8on« research activities or operations may interfere with others. Seismol- 
ogists, for example, will need to be far away from mining operations and 
spacecraft landing areas in order to minimize seismic noise produced by these 
activities. As research and exploration continue, some sites may be found to 
valuable than others, and the temporary camps located at these sites 
will be enlarged. Some of these initial outposts will become permanently 
occupied lunar camps. 


, B ase Development Stages . As scientists and explorers remain on the 
Moon for longer periods, they will require larger, permanent bases. Such bases 
will have supply centers, research labs, recreational facilities, medical 
enters, spacecraft landing areas, and vehicle repair and refueling facilities. 

IS explorers' lunar home, 

to which they will return between visits to operations or research outposts. 


t .. first l^af camp may be constructed from habitation modules 

similar to those used for the space station. These modules will Include 

areas, health maintenance facilities, and tKe necessary 
coijmand/control stations. (Some modifications may be required so that these 
modules, w^ch were originally designed for micfbgravlty aboard the 

space station, can operate properly under lunar gravity.) 


Developing indigenous lunar resources will be necessary for exten- 
sive Wr exploration, settlement, exploration, and conmercial enterprises. 
Using lunar materials will significantly reduce the base's transportation 
costs and dependence on supplies from Earth. 
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t.qulr»eot., .troctur.., ,„d «tivltl.. i, th.'i«“ir«"“" 

t*bu *”“**' c«,p (.« 

power. The camp will Paople and would require some 60 kW of 

-..-n«u.o. ood o..c.ril-::b^f:*u^:L'iJ:“ S: ill; :r“- 
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also have the necessary operations hardware, including a fuel depot and com- 
munications equipment. A breakdown of key parameters is shown in Table 4-17. 

A preliminary scenario Involving production of oxygen from lunar materials has 
been assumed, with pilot plant operations producing approximately 5 tons/year 
for the stated power requirement. 


Table 4-16. Lunar Initial Camp Power Requirements 


Elements Power Requirements 


Habitat modules - 1 (crew of 6) 

1 X 15.0 

kW- 

Laboratory modules - 1 

15.0 

kW- 

Logistics modules 

2.5 

e 

kWg 

Operations hardware (comm. , fuel depot) 

2.5 

kW. 

Lunar Materials Processing Equipment 

25.0 

kW® 

Approximate Total Power Requirement: 

60.0 

kWe 


Table 4-17. Key Parameters for Lunar Initial Camp 


Mission 

Human settlement on the lunar surface will provide a base 
exploration, mining, surface oiaterials processing, and 
research. 

for 

Power 

Requirements 

60 kWe 


Mission 

Life 

3 years 

Approximately 2000-2003 


Orbit 

Not applicable 


Shielding 

Protect crew, instruments, and experiments from radiation 
excess heat 

and 

Spacecraft 

RMA 

Base must be accessible to orbital and lunar craft 
Crew must be able to make repairs 
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1 “ After about three years, the initial opera- 

tional camp will grow into the nominal base The base will have twelve crew 
■embers, two habitat and laboratory nodules, and two logistics nodules and 
require 200 kW^ of power. 


The materials processing plants would use most of the power at the 
nominal operations base. They would extract elements from the lunar soil for 
use by the base and its vehicles. The processing plants would be an early 
reducing the base's dependency on Earth. 


Mterials handling equipment for 
luMr soil processing. This equipment might package lunar surface materials 
and export them for use as radiation shielding on Earth-orbiting satellites and 
S spacecraft. A breakdown of lunar base power requirements is given in 
Table A-18« A preliminary scenario Involving concurrent extraction of oxygen 
and other minerals from lunar materials has been assumed, with processing 
operations producing approximately 30 tons of oxygen/year and 30 tons of other 
minerals /year for the stated power requirement. A conceptual Illustration of 
t e Lunar Nominal Base is provided in Figure 4-13; key parameters for the base 
are summarized in Table 4-19. 


Lunar Operational Base - After about four years, the base will have 
^own to six habitat modules and 24 crew members and use some 310 kW, per year 
There will be two laboratory modules, four logistics modules, four lunar mater 
ials handling plants, and six lunar materials processing plants. The lunar 
operational base would actively mine lunar materials. It would produce not 


Table 4—18. Lunar Nominal Base Power Requirements 


Elements 

Power Requirements 

Habitat modules - 2 (crew of 12) 

2 X 15.0 kWg 

Laboratory modules - 2 

2 X 15.0 kwl 

Logistics modules - 2 

2 X 2.5 kW 

Operations hardware (comm., fuel depot) 

5.0 kWg 

Lunar materials handling equipment 

10.0 kW^ 

Lunar materials processing equipment 

120.0 kWe 

Approximate Total Power Requirement; 

200.0 kWe 
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Mission 


Power 

Requirements 

Mission 

Life 

Orbit 

Shielding 


Spacecraft 

RNA 


Human settlement on the lunar surface will provide a base for 
exploration, mining, surface materials processing, and 
research. 

200 kW^ 


4 years 

Approximately 2003-2007 
Not applicable 

Protect crew, instruments, and experiments from radiation and 
excess heat 

Base must be accessible to orbital and lunar craft 
Crew must be able to stake repairs 
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only ore and other raw materials for export, but also would have begun to pro- 
duce manufactured products. The lunar operational base will be an important 
■lleJo**^*** Between Worlds" (as described by the National Com- 

the solar system to human exploration and aettle- 
^nt. The Moon is an accessible, relatively short flight from Earth. The 
lunar base will provide a "concept test" for planetary colonies. • determining 
M Jo^B-^^^^'atlon planetary settlements. The teclinology used 

experience gained at Antarctica and on the Space 
Station. In turn, the lunar technology could be improved and exported, to a 
wlony on ^rs, to the solar system, and beyond. A breakdown of^wer require- 

oxveen^Ind^ItL*” y*t>le 4-20. A scenario Involving concurrent extraction of 

“inerals from lunar surface materials has been assumed, yield- 
g ma erlals processing operations that would produce approximately 90 tons 
of oxygen/year and 90 tons of other minerals for the stated power requirement. 

A sunmary of key parameters is provided in Table 4-21. 

i«w 4 * 1 . Growth Colony - During the course of operations (perhaps fol- 

lowing the first twenty years), the lunar operational base will evolve Lto a 

colony. The colony will consists of a complex of ten 
^bitat TOdules, four laboratory modules, eight logistics modules, and sixteen 
li^r materials processing and handling plants. The lunar growth colony con- 
tinues and builds upon the role of the lunar operational base in the develop- 
TCnt of manned inner solar system infrastructure; the colony incorporates an 
launch system which boosts processed lunar materials to the 
libration point base for use in construction/shield-mass applications. A 
breakdown of power requirements is provided in Table 4-22. By the 2035 time- 
frame, an oxygen (in addition to other minerals) production capability of 
approximately 200 tons/year has been assumed, yielding the stated power 

requirements. Table 4-23 provides several key parameters for the projected 
lunar growth colony. wj*«.i.cu 


Table 4-20. Lunar Operational Base Power Requirements 


Elements 


Power Requirements 


Habitat modules - 6 (crew of 24) 
Laboratory modules - 2 
Logistics modules - 4 
Operations hardware (comm., fuel depot) 
Lunar materials handling equipment 
Lunar materials processing equipment 


6 X 15.0 kWg 
2 X 15.0 kWg 
4 X 2.5 kWg 
10.0 kWe 
30 kW^ 
360 kWe 


Approximate Total Power Requirement: 


500.0 kWe 
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Table 4-21. Key Parameters for Lunar Operational Base 


Mission 

Human settlement on the lunar surface will provide a base 
exploration, mining, surface materials processing, and 
research. 

for 

Power 

Requirements 

500 kWg 


Mission 

Life 

Approximately 20 years 
2010 - 2030 


Orbit 

Not applicable 


Shielding 

Protect crew, instruments, and experiments from radiation 
excess heat 

and 

Spacecraf t 
RMA 

Base must be accessible to orbital and lunar craft 
Crew must be able to make repairs 



Table 4-22. Lunar Growth Colony Power Requirements 


Elements Power Requirements 


Habitat Modules * 10 (crew of 48) 

10 

X 15.0 

kWg 

Laboratory Modules - 4 

4 

X 15.0 

kWg 

Logistics Modules - 8 

8 

X 2.5 

kWg 

Operational Hardware (comm., fuel depot) 


20.0 

kW. 

Lunar materials handling equipment 


50.0 

kw' 

Lunar materials processing equipment 


800.0 

kW° 


Approximate Total Power Requirement; 1100.0 kWg 
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Mission 


Human settlement on the lunar surface will provide a base for 
.xplor.tlo„. procJ.:iJj: lY 


Power 1100 kW* 

Requirements 


Mission 

Life 


Indefinite 
Approximately 2030+ 


Orbit 


Not applicable 


Shielding 


Protect crew, 
excess heat 


instruments, and experiments from radiation and 


Spacecraft 

HMA 


Base must be accessible to orbital 
Crew must be able to make repairs 


and lunar craft 


.t.tIon/b.« .ill b. ..t.bli.h.S .rur'J" •f" 

base - which will be constructed in lar*#. m*.e Hbration point. This 

transported from the Moo“! will tLlVJr T “ined/ 

.dv.„c.d .p.c.cr.ft ..Lbly Hrin nrHcaUl!."’ 
the developing manned inner solar avcf*n. 

•ettlement of Mars and the utillsatLn aupports the 

infrMtructur.™ A “‘"^‘*1* throughout the 

parameters for the projected Earth-M^f ilb^Uon 
4.3.5 Mars Settlement 

«n«‘.od ^ris; .S™?.:!";'?!”" pt-At... through 

Initial operational camp will be th! f?"*r***"'f The 

«m reach the coU: or*;”.!ro°pe‘?:«“.‘rit:g'::“‘°“‘ 
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Table 4-24. Llbration Point Base Power Requirements 


Elements 

Power Requirements 

Habitat Modules - 3 (crew of 36) 
Laboratory Modules - 1 
Logistics Modules - 2 
Attached Payload Missions - 5+ 
Servicing Facility & Systems 
Systems (GN&C, CiT, etc.) 

3 

1 

2 

X 20.0 kWg 
X 15.0 kWg 
X 2.5 kWg 

10.0 kW^ 

50.0 kWg 

20.0 kWg 

Approximate Total Power Requirement: 


160.0 kWg 


Table 4-25. Key Parameters 

for Libration Base 


Space station/base at the LI Earth-Moon Libration Point; 
staging point for transportation between LEO/GEO operations 
and Earth-Mars transportation, as well as limited scientific 
research operations. 

160 kWe 


Indefinite Life 
Approximately 2030+ 

Lunar 

Protect crew, instruments, and experiments from radiation and 
excess heat 

Base must be accessible to orbital and lunar craft 
Crew must be able to make repairs 


Mission 

Power 

Requirements 

Mission 

Life 

Orbit 

Shielding 

Spacecraft 

RMA 


Future alssions will add nore data. A Soviet spacecraft win 
approach Mars' noons, Phobos and Deimos in lORO mnA win" ''ill 

other «teri.U lopert.nt to the e.t.bll.h«nt of Her. ..ttle«ntn 
tbL.\L Mo ^‘ - e^''f -"T m^ "*" ** •» '•■•‘h" troo Earth 

conrtruction 

W .... ®«''eloping Martian resources will be even nore vital for th. m-.-, 

'c^ “* ‘”™«"-nt‘:;c.*°JrJo'E^;tS. 

«E«ct that th^ polar ZtTill: 

oit^^erinrLJonf'^ hydrogen, a. «ell a. traces of 

could be U.J5 ?; ”« “ntloned above 

used in the base's life :„p“« .lllAZt'. l^uVlToAuy^Z" 

fl.?e"“ni «^e^r"dUtl:“ ’•*« •"!« 


^5^ gases Scenario: Phobos Base . Concurrently with the 

Phobo. uit^i^;" -t 

«rh:r::s*c‘j“dri::-fjj: ^r':ie“: “?i:^}irinr^:!ii„-„r^---- 

•oon, Deimos, is inconclusive.) Thus, Phobos represents an excellent !itw 
a multipurpose, manned base. The Mars/Phobos base will «tr«« i »ite for 

devjlop«„t Of the «n„ed Inner . ^a'a, 
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The projected base will consist of a complex of two habitat modules, 
one laboratory module, four logistics modules, a mining system, and one asso- 
ciated materials handling plant. An initial breakdown of power requirements 
for the base is provided in Table 4—26. Table 4—27 provides several key 
parameters for the projected Nars/Phobos base. 

In addition to the various ambltioxis civil space missions that are 
discussed in this report, an additional mission which may contribute to the 
development of a U.S. inner Solar System infrastructure is Asteroid Mining. 
Asteroid mining (whether within the main belt or targeted on specific near- 
Earth asteroids) could yield substantial mineral and propellant resources; 
however, this mission application is not discussed further in this report. The 
physical characteristics of Phobos and Deimos - i.e., low-density, water-rich 
material - suggests that they may well be captured asteroids rather than proper 
satellites of Mars. Hence, requirements for asteroid mining applications would 
be generally similar to those specified for Mars/Phobos settlement/mining 
operations. (One possible exception would be mass driver operations - if the 
entire asteroid were to be moved into a more accessible orbit prior to 
exploitation. ) 


4-3. 5. 5 Mars Bases Scenario: Mars Surface . Human settlements on Mars will 

progress in stages, but could develop in many different ways. The following 
growth scenario describes the gradual increase in crew, activities, 
structures, and power requirements. 


Table 4-26. 

Mars/Phobos Base Power Requirements 

Elements 

Power Requirements 


Habitat Modules - 2 (crew of 8) 
Laboratory Modules - 1 
Logistics Modules - 4 

Operational Hardware (comm., fuel depot) 
Mining Systems - 1 

Phobos materials handling plants - 1 


2 X 10.0 kWg 
1 X 15.0 kWg 
4 X 2.5 kWg 

20.0 kWg 

35.0 kWe 

50.0 kWg 


Approximate Total Power Requirement: 


150.0 kWg 
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Table 4-27. Key Parameter* for Mara/Phobo* Base 


Mission 


Power 

Requirements 

Mission 

Life 

Orbit 

Shielding 


Spacecraf t 
RMA 


Human settlement on Mars' Moon Phobos; providing a base for 
exploration, mining, surface materials processing, and 
various research activities on Phobos. as well as staging for 
settlement on the surface of Mars. * * 

150 kW. 


Indefinite Life 
Approximately 2010+ 

Not applicable 

eicess^Mr* experiment* from radiation and 

Base must be accessible to orbital and lunar craft 
Crew iDust be able to make repairs 


W<11 K » Initial Camp - The Initial operational camp (see Table 4-29) 

will be staffed by four people and require 30 kW of oower a! «« ?i! m ^ 

* '■‘“““O'' Ubor.t«y «dul., 

module, and necessary operational hardware. Table 4-28 is a breakdown «f 
power requirements; Table 4-29 provides a sun»ary of lly Ur^llYs 

Base After about five vearc a*. 

fof iu to"; 

i'brMkdom'trtl; '■■■00““”* •O'i op.r.tion.1 ^.rdw.ref itbl. 4^30*'; 

a Dreakdotm of camp power requirements. 

Mars Operational Base - After about five vearc tha w<n w 

^4 l*^o*‘«tory modules, four logistics modules, six 

fro« th. .oil or .tnu.ph.r. for lue by the base. Table 4-32 is a breakdown of 
colony power requlre«nts! Table 4-33 provides a susMry of key tatltt;;;™ 
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Table 4-28. Mars Initial Camp Power Requirements 


Elements 

Power Requirements 

Habitat modules - 1 (crew of 4) 
Laboratory modules - 1 
Logistics modules - 1 

Operations hardware (conn., fuel depot) 

10.0 kWe 

15.0 kWg 
2.5 kWg 
2.5 kWg 

Approximate Total Power Requirement; 

30.0 kWe 


Table 4-29. Key Parameters for Mars 

Initial Camp 


Mission 

Human settlement on the Martian surface will provide a base 
for exploration, mining, surface materials processing, and 
research 

Power 

Requirements 

30 kWg 

Mission 

Life 

5 years 

Approximately 2010-2015 

Orbit 

Not applicable 

Shielding 

Protect crew, instruments, and experiments from radiation and 
excess heat 

Spacecraft 

RMA 

Base must be accessible to orbital and surface craft 
Crew must be able to make repairs 


Table 4-30. Mars Nominal Base Base Power Requirements 


Elements 


Power Requirements 


Babitat modules - 2 (crew of 12) 
Laboratory modules - 2 
Logistics modules - 2 

Operations hardware (comm., fuel depot) 
Mars materials processing plants - 2 


2 X 10.0 kWg 
2 X 15.0 kWg 
2 X 2.5 kWe 
5.0 kWg 
2 X 30.0 kWg 


Approximate Total Power Requirement: 


120.0 kWg 
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Figure 4-14. Conceptual Illustration of a Mars Nominal Base 


Table 4-31. Key Parameters for Mars Nominal Base 

Mission 

Human settlement on the Martian surface will provide a base 

for exploration, mining, surface materials processing, and 
research 

Power 

Requirements 

120 kWg 

Mission 

Life 

10 years 

Approximately 2015-2025 

Orbit 

Not applicable 

Shielding 

Protect crew, Instruments, and experiments from radiation and 
excess heat 

Spacecraf t 
RMA 

Base must be accessible to orbital and surface craft 
Crew Btust be able to make repairs 
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Table 4-32. Mars Operational Base Power Requirement 


Elements 


Power Requirements 


Habitat modules — 6 (crew of 24) 
Laboratory modules - 2 
Logistics modules — 4 
Operations hardware (comm., fuel depot) 
Mars materials processing plants - 6 


6 X 10.0 kWg 

2 X 15.0 kWg 
4 X 2.5 kWg 

10.0 kWg 

6 X 30.0 kWg 


Approximate Total Power Requirement: 


290.0 kWg 


Table 4-33. Key Parameters for Mars Operational Base 

Mission 

Human settlement on the Martian surface will provide a base 
for exploration, mining, surface materials processing, and 

Power 

Requirements 

290 kWg 

Mission 

Life 

15 years 

Approximately 2025+ 

Orbit 

Not applicable 

Shielding 

Protect crew, instruments, and experiments from radiation and 
excess heat 

Spacecraft 

RMA 

Base must be accessible to orbital and surface craft 
Crew must be able to make repairs 
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J*®« Growth Colony - During the course of operstions (perhaps 
following the first fifteen years), the Mrs operational base will evolve into 
a self-sustaining Martian colony. The colony will consist of a complex of 
twelve habitat TOdules, four laboratory modules, eight logistics modules, and 
Ifteen materials processing and handling plants. The Mars growth colony 
continues and builds upon the role of the Mars operational base in the 
development of manned inner solar systems infrastructure. A breakdown of 
power requirements is provided in Table 4-34. Table 4-35 provides several key 
parameters for the projected Mars growth colony. 


Table 4—34. Mars Growth Colony Power Requirements 


Elements 


Rower Requirements 


Habitat Modules - 12 (crew of 48) 
Laboratory Modules - 4 
Logistics Modules - 8 
Operational Hardware (comm., fuel depot) 
Mars materials processing plants - 15 


12 X 15.0 kWg 
4 X 15.0 kWg 
8 X 2.5 kW^ 
20.0 kWe 
15 X 30.0 kWg 


Approximate Total Power Requirement: 


730.0 kWg 


Table 4-35. Key Parameters for Mars Growth Colony 


Mission 


Power 

Requirements 


Human settlement on the Martian surface; providing a base for 
exploration, mining, surface aiaterial processing, and various 
research activities. 

730 kWg 


Mission 

Life 

Orbit 


Indefinite 
Approximately 2040-«- 

Not applicable 


Shielding Protect crew, Instruments, and experiments from radiation and 

excess heat 


Spacecraf t 
RMA 


Base must be accessible to orbital and lunar craft 
Crew must be able to make repairs 


4.3.6 Transportation Vehicles 

Overview. As human exploration and settlement extend out into the 
solar system, vehicles will be needed to transport cargo and people between 
spaceports, planetary bodies, and the Earth. The overall space transportation 
system will consist of many components, including the space shuttles, Space 
Station, Orbital Maneuvering Vehicle (OMV), Orbital Transfer Vehicle (OTV), 
and Interplanetary Transport Vehicles (ITV), both manned (M-ITV), and 
unmanned, cargo-carrying (C-ITV). Together, they will allow conmercial space 
operations; the launch and servicing of satellites, orbiting platforms, 
exploratory spacecraft, and interplanetary vehicles; and the staging of 
missions supporting planetary base operations. 


4. 3. 6. 2 Orbital Transfer Vehicle . The Orbital Transfer Vehicle (see 

Figure 4-15 and Table 4-36) will form an integral part of the overall space 
transportation system, enabling maximum system efficiency and lowest user 
transportation costs. Reuseable, chemical propulsion OTVs will be based at 
the Space Station, where the latter’s crew will maintain, refuel, check out, 
launch, and recapture them. The OTVs will provide the crew of the Space 
Station with access to a wide range of Earth orbits; they will be used to 
place payloads in given orbits, to retrieve satellites for repair, and to 
stage spacecraft for launch to the solar system and beyond. 

While a chemical propulsion system may be used initially, an 
advanced OTV that could be developed in the 2000s would use electric 

The OTV will require a high-performance propulsion system which 
is capable of multistart, high-performance, low-thrust operation and in-space 
maintenance. Nuclear electric propulsion could provide power for the OTV, as 
assessed in Section 5. 

The NEP Orbital Transfer Vehicle itself will have an indefinite 
lifetime, but the thrusters will have a lifetime of only 1,000 to 5,000 hours, 
depending on the propulsion means selected. (The baseline lifetime of arcjets 
is 1,000 hours, and of ion thrusters, 5,000 hours.) Each unmanned OTV would 
make several trips during its lifetime, and would take from 120 to 360 days to 
^*^*'^*1 ^rom LEO to GEO (again the actual time depends on the propulsion 
system). 

^ n ned-Interplanetary Transport Vehicles . The Manned-Interplanetary 
Transport Vehicle (M-ITV) will ferry cargo and passengers between Earth orbit 
and human outposts in space. One kind of M-ITV (see Figure 4-16 and 
Table 4-37) will carry passengers and cargo to the Mars base. 


The National Commission on Space has proposed cycling spaceships 
between the Earth and Mars. The ITV would be in a stable orbit between these 
planets, met at either end by transfer vehicles. Personnel going to Mars would 
board a transfer vehicle at an Earth spaceport. This craft would then accel- 
erate to match the ITV's velocity and dock with the spaceship. The crew would 
then store their vehicle in a hanger for the 5- to 7-month voyage. The ITV 
would provide them with food, life support and other necessities, along with 
sufficiently spacious quarters for the long voyage. Artificial gravity would 
be provided by rotation (acceleration level/rotation rate variable). 
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Figure 4-15. Conceptual Illustration of 


an Orbital Transfer Vehicle (NEP) 


Table 4-36. Key Parameters for Orbital Transfer Vehicle (NEP) 


Mission 

Ferry material among spacecraft satellites. 

and spaceports 

Power 

Requirements 

100-300 kWg 


Mission 

Life 

Indefinite vehicle life 
Thruster life of 1,000-5.000 hours 
Mission begins approximately 2000-f 


Orbit 

Varies with the application 


Shielding 

Protect sensitive cargo and instruments from 
excess beat 

radiation and 

Spacecraft 

RMA 

Must be serviceable in orbit 
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Figure 4-16. Conceptual Illustration of a Manned Interplanetary Transport 
Vehicle 


Table 4-37. Key Parameters for a Manned Interplanetary Transport Vehicle 
Mission 


Mission 


Transport cargo and personnel between Earth and the planetary 
bases 


Power 300 kWg 

Requirements 


Mission Indefinite, beginning approximately 2010-f 

Life 


Orbit 


Varies with the application 


Shielding 


Protect crew and passengers, sensitive cargo, and instruments 
from radiation and excess heat 


Spacecraft 

RMA 


R*lfsbility especially important for powering life support 
systems 
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The crew would use transfer vehicles for transit to the Mars/Phobos 
Spaceport or to Mars. They would leave the M-ITV, aerobrake on the Martian 
atoospheret end either orbit to Phobos or descend directly to the Mars' 
surface for a stay of 1 to 4 years at Mars. 

This cycling spaceship would provide the backbone of the Earth-4iars 
transportation system. As the Martian base expands, the capabilities of the 
spaceship would grow to meet the base's transportation needs. The cycling 
approach allows transportation with less propellant than would be used for 
direct travel, since the cycling ship doesn't have to accelerate or deccel- 
arate on arrival. 


<►•3.6.4 Unmanned /Cargo Interplanetary Transport Vehicle (C-ITV) . Following 
the establishment of a manned base /spaceport on Phobos, and the beginning of 
water mining/processing operations, a substantial shipping operation will 
develop between the Mars' moon and the Earth-Moon system; hardware and mo dules 
for the growing Martian colony will be shipped outbound, while water (and 
possible mineral resources) are shipped inbound. A large, unmanned, cargo- 
carrying interplanetary transport vehicle (C— ITV) analogous to a contemporary 
oil-carrying super tanker is envisioned for this activity. (Table 4-38 pro- 
■ several key parameters for the projected cargo- carrying interplanetary 

transport vehicle.) The C— ITV will employ a large, multiple-reactor power 
system producing 7 MW^ to power stagneto-plasma -dynamic (MPD) thrusters. In 
the assumed scenario, the MPD thrusters generate a specific impulse of 5000 
seconds, operating at an overall efficiency of SOX. The C-ITV would transport 
a maximum cargo of approximately 330 metric tons, requiring a total round-trip 
time of about 3 years . 


Table 4-38. 

Key Parameters for Cargo-Interplanetary Transport Vehicle 

Mission 

Transportation of equipment and materials (principally 
processed water) between the Mars/Phobos spaceport and the 
Earth-Moon system 

Power 

Requirements 

7000 kWg 

Mission 

. Indefinite Life 
Approximately 20254 

Orbit 

Not applicable 

Shielding 

Protect spacecraft systems and cargo from radiation and 
excess heat 

Spacecraft 

SMA 

Spacecraft must be accessible to orbital craft 
Robotic systems must be able to make repairs 


I 
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COMMERCIAL UTILIZATION 


.P.C. 

Co.»„.ic.tio„. PUtfo™ ... 


4.4.1 


Overview 


research spectrum of opportunities for scientific 

research, technology development, manufacturing, and services Manv cnmm.m 4 

“‘"•■‘y latched satellite md us. them' 

- - iauuch^..eL.TPoi 

of space lie“ std!“‘r.'.°r;:s«cc“l^^^ 

S^Mufin'orS V '""“f h'"f ? '••'"“‘-J' “‘n add enormous^r « 

tne capabilities of U.S. ground-based industry. Moreover, the outlook la ano,^ 

for commercial manufacturing on-orbit in both semiconductor and biolo^iMl 

materials. This area is discussed in Section 4.3 on the Space StatioS. 


4.4.2 


Geosynchronous Communications Platform 


«, c /. One natural extension of present operations would be a eeosvnchron 

ous communications platform (see Figure 4-17 and Table 4-39). Itonrsi^lf 

‘a Earth orbit, and Jy thi t«0s 
lit.f 1 '"'CO”, already crowded with individual satel- ’ 

inUili ^ ? '•esult, only those missions with high cosmerclal appeal and Mpid 
initial cost recovery will be able to reserve a place in geosyn^Srono^or^t 

A geosynchronous communications platform would help to relieve thi» 
congestion by providing multiple services from a single GEO ^ition Sev^rl? 

ssions cou e p aced an the platform, sharing common functions and equip- 
TCnt. For example, the platform would provide a large number of antennas aL 
nsponders, as well as signal processing equipment, power supply, and atti- 

.‘u'triso'w '^'^hU TT .i.sion^r.''ihr la"t‘f‘L 

sme-.K^ Sharing equipment among several missions 

might provide cost savings over the traditional, single fraction approach. 

supported by the platform could include direct 
broadcast services, land mobile satellite services, video conferencinr an^ 
electronic mail. COMSAT General Corporation expects land mobile MtelJite 
services to be in high demand in 1990 and beyond. Video conferencing will 
become o»re important as picture quality improves. A. comLni^Uraf t^cL 
ology increases in sophistication, other fractions could be Included on the 
platform to oieet the demand for these services. 
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Figure 4-17. Conceptual Illustration of a Geosynchronous Connmni cat ions 
Platforo Mission 


Table 

^“39. Key Parameters for Geosynchronous Conmunications 
Platform Mission 

Mission 

Several communications missions aboard a single orbiting 
platform, sharing common power supply, attitude control 
systems, and structure 

Power 

Sequiresients 

15-150 kWe 

Mission 

Life 

7-10 years each, beginning 2000<t- 

Orbit 

Geos3mchronous orbit 

Shielding 

Protect electronic components from radiation 

Spacecraft 

IMA 

Accessibility important; must be able to maintain the 
platform and perform component change— out 
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4. A. 3 


Air/Ocean Traffic Control Radar 


Another extension of existing technology would be a space-based air 
traffic control radar system (see Figure 4-18 and Table 4-40). Twenty-five to 
30 percent of the North Atlantic and some 75 percent of the North Pacific would 
be covered by this system, with systems of other nations covering the remaining 
area, under international agreement. The radar would provide positive air 
traffic control, allowing continuous tracking of aircraft. Some of the bene- 
fits of the system are: 

o improved air safety, .since aircraft are more accurately 
monitored 

o improved fuel efficiency, since planes are allowed to fly at 
the most efficient altitudes 

o reduced departure and arrival delays 

o timely changes in flight plans due to weather. 

The air traffic control radar would be placed aboard a platform in 
low Earth orbit. The radar system would require 40 to 200 kWg, depending on 
the desired resolution, number and range of targets, antenna size, and other 
factors. 
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Figure 4-18. Conceptual Illustration of an Air/Ocean Traffic Control 
Radar Mission 


Table 4-40. Key Paraiseters for an Air/Ocean Traffic Control Radar Mission 


Mission Radar platfom in low Earth orbit %rhich will track 

aircraf t/ships over the oceans 

Power 40-200 kW^ 

Requiresients 

Mission 7-10 years each, beginning 2005<^ 

Life 

Orbit Low Earth orbit (700-4,000 km) 

Shielding Protect electronic components from radiation 

Accessibility important; siust be able to Bsintain the 
platform and perform component change-out 


Spacecraf t 
IMA 






SECTION 5 


POWER SYSTEM APPLICATIONS ASSESSMENT 


5.1 INTRODUCTION 

This section assesses the suitability of apace nuclear power to 
individual civil space siission applications. In this study, the suitability 
of space nuclear power to a particular civil nission application is not based 
on whether a competing technology (such as photvoltaics) is better or worse. 
Instead, the assessment is based on whether or not the mission requirements are 
met and if the mission itself is enhanced by the application of the current 
space reactor technology, the SP-100 SRPS. 

A ranking system is developed to qualitatively describe the suit- 
ability of space nuclear power to civil space missions based on strawman 
implementations of the SP-100 SRPS using current flight demonstration tech- 
nology. The strawman implementations are based on the configurational trades 
and considerations given in Section 3. The assessments are based on the issues 

strawman configurations. In those instances where the mis- 
sion TequlTements are not met or are marginally met by current space reactor 
technology, attempts are made to quantify the ahortcomings in such a way as to 
provide a rational basis to accept or dismiss the potential application. 


5.2 DEFINITIONS 

It is often necessary when performing application assessments to 
assign qt^litatlve judgmental labels in order to rate the suitability of the 
application. Such is the case in this study, where strawman SP-100 implemen- 
tations are rated for their suitability to civil space mission applications. 

A classification of IDEAL, GOOD, or POOR is used here to rate the overall 
suitability of the current space nuclear power technology to a particular civil 
mission application. A rating of IDEAL is assessed where the mission require- 
ments are either met or bettered by the implementation of space nuclear power. 

^ of GOOD is assessed where the mission requirements are only Just siet 

or slightly exceed the currently projected capabilities of the SP-100 SRPS. 

In order to be rated GOOD, however. It siust be possible to meet all mission 
requirements even if special operating procedures must be adopted. If special 
operating procedures cannot correct for deficiencies in the implementation, 
the implementation must be assessed as POOR. 


5.3 ASSESSMENT CRITERIA 

While there are dozens of individual mission traits, there are only 
a few parameters which are of importance to all missions. This section identi- 
fies those global parameters and discusses them in detail in order to provide 
the necessary background required to interpret the individual mission assess- 
ments. These discussions include a detailed rationale for the selection of 
electric propulsion. Selection of power levels based on available reactor 
power, power system mass and orbital delivery considerations, and power system 
reliability and lifetime are also addressed. 
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5.3.1 


Rationale for Nuclear Electric Propulsion 


«.de. of prop„?.irj“„v:"„\rincrX 
con.tr.l„t. i. ,roat.ft‘o“"; 

;J“rfL°i propul.lon in theoa.i;.., Jip“:i« “ouJS 

Significance to warrant discussion. The technique of gravity assist can b*. 

«duce"tha*firh^“fr enhance the spacecraft propulsion capability and 

b.t«« 

spacecraft approaches the target planet's orbit. 

m« kv spacecraft has reached its designated planet it can 

utilize the upper atmospheric layers of the planet to slow^^itself and fall 

w'' o^nauvar 1. caU^d a“ob«Un. 

Aarobraling raquiraa that tha apacacraft ba aqufppad .ith a haat-rali.uir 

:^««ft ‘'“;‘f‘‘'”"8b Jr.J^JfWnUrbr‘aJ^‘rt.lo!i'on ^''thr 

than lUaly U*touH ba'^JuU^'d'inir T T” 

and i. aapactad to ba a a^Jor parcantaga of iha^ytoL LH 

auah that tS'ajicHraf t‘'''lu '--ajactory 

conaatva anfJUrrL'^a^llilrora^^^ 

1 

Acceleration must therefore come from the fiDac»rrJif^ 
system if the need for gravity assist is to be relLed? ^ propulsion 


5-2 


5. 3. 1.2 Chemical Propulsion . Chemical propulaion is the scheme with the 
greatest historical experience. Once a chemically propelled spacecraft has 
been inserted into low earth orbit by an ELV or STS, a large disposable 
chemical booster (such as a Centaur G) is required to transport it into free 
space beyond Earth's gravity. Spacecraft chemical propulsion systems are 
notoriously inefficient compared to the weight of the propellant they siust 
carry. This is characterised by their low specific impulse, ?«P-* which is a 
measure of performance based on the thrust produced by an equivalent system 
with a propellant weight flow of unity. 

Measured in seconds, the Xgp of chemical propulsion systems is 
typically on the order of 300 seconds. If a competing system produced the 
same effective thrust but with a higher apecific ioipulse, then the competing 
system would be store efficient in the use of same sutss of propellant. A 
competing system with lower thrust but a higher Igp may be more efficient if 
it can sustain the lesser thrust long enough to achieve the same result with a 
savings of propellant mass. 


5. 3. 1.3 Electrical Propulsion . Electric propulsion is a broad category 
that actually covers three basic types of thrusters: electrothermal, 

electromagnetic, and electrostatic. Electrothermal thrusters, such as arc jets 
and resistojets, heat and expand a propellant using either an electric arc or 
resistive heating element. Electromagnetic (plasma) thrusters use both 
electric and magnetic fields to accelerate propellants that are highly 
ionized. Electrostatic thrusters use electrodes to charge or ionize the 
propellant and electric fields only to accelerate the particles and produce 
thrust. Of the three types of electric thrusters listed, the electrostatic 
thrusters (in the form of ion engines) appear to be the most promising and 
will form the basis of the evaluation of electric propulsion for civil nuclear 
powered space missions. 

Ion thrusters are characterized by their ax>derate thrust and high 
Igp. For a 30-cm mercury ion thruster, thrusts of 0.3 to 0.6 N, with an 
Igp of 3,000 seconds or more, are easily attained. The Igp of ion 
thrusters is increased by simply increasing the input power. This points out 
the siost important aspect of electric propulsion: the energy producing the 

thrust is not stored in the propellant as it is in chemical propulsion, but 
rather comes from a power source. This permits electric propulsion to SK>re 
efficiently utilize the same mass of fuel. Given the same smss limitations as 
electric propulsion, the chemical propulsion systems typically cannot carry 
enough propellant to enable store direct far outer planet trajectories that 
minimize the use of time-consuming gravity assist techniques. 

The electric energy used by the thrusters can be either solar- or 
nuclear-generated; however, it is important to note in the case of the 
diztances of the far outer planets from the Sun that the available solar 
energy drops off significantly. In fact, the available solar energy at the 
distance of Saturn is only one percent of the solar energy found at the 
distance of the Earth. Since the I,p of the electric thrusters is directly 
related to the input power from the power source, it is conceivable that the 
aolar-driven electric propulsion siay not be able to provide reasonable 
maneuver response at its destination. Also, the large solar panels required 
would prohibit the time-saving aerobrake orbit capture. 
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Table 5-1 shows the approximate minimum mission flight times for 
batum, Uranus, and Neptune for various types of propulsion systems. 


5.3.2 


Power Levels 


14 4 available electric power output of the SP-100 SRPS currently 

lies in the fange of 100 to 1000 kWe- Outputs of slightly less than 100 
kWg are possible if the reactor is throttled back or if the number of 
thermoelectric ele- ments is reduced. It is important to note that either of 

power syste”'"* apccific mass of the 


availability of higher power levels may prove to be absolutely 
considered that future advanced space missions will use 
either electric propulsion for expedient mission travel and data gathering or 
be ^nned and require substantial power for and safety margin for life supoort 

electric propulsion becomes more efficient and attLc- 
tive as the available power increases. Table 5-2 shows the various flight 
tiTCs for an un^nned science mission to Neptune for different available elec- 

Reducing flight times on long-duration missions will reduce 
® extended ground operations in support of those missions. The fact 
that the electric propulsion subsystem will no longer require the high elec- 
trical power output of the SRPS once it has reached Its destination means that 
more power will become available to the payload. This increased power to the 

advanced instruments, higher data rate communications, 
and new scientific endeavors such as very high resolution radar mapping and 
advanced telerobotac exploration* 


Table 5-1. Flight Times to Far Outer Planets with Different 
Propulsion Systems 




Flight Time, yrs 


Mission 

Nuclear Electric 
Propulsion 

Solar Electric 
Propulsion 

Chemical 

Propulsion 

Saturn 

5 

6 

7 

Uranus 

8 

11 

12 

Neptune 

11 

16 

17 


Available Electric Power: 100 kW- 

Payload: 1,500 kg 

Single Shuttle Launch Constraint 
Chemical Booster for Solar and Chemical 
NEP Spiral Escape 

Solar and Chemical Utilise Gravity Assist 
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Table 5-2. Flight Time 

to Neptune Versus Power Level 

Power Level, kWg 

\ 

Flight Tiaie, yrs 

100 

- » 

11.0 

200 

9.3 

300 

8.5 

400 

8.0 

500 

7.8 

lap ■ 5000 seconds 

30-cm ion propulsion is assumed 


5.3.3 Power System Mass and Orbital Delivery 

.VI V increased power levels and ambitious scientific payloads made 
possible by space nuclear power are not without their drawbacks. One such 
drawback is the prsently limited launch mass capability of the Space Shuttle 
and currently available expendable launch vehicles. While the development of 
launch vehicles with greater lift capacity is certainly independent of the 
development of space nuclear power, the development and Implementation of space 
j«.er i. not Independent of the nblUty to pl.ce the .f.efon into 
Space. Launch capability therefore must be considered as a factor in the 
implementation of space nuclear power and the SP-100 SRPS. This section dis- 
cusses present and future launch vehicles and capabilities in terms of the 
payload mass, payload envelope, and the costs associated wih launching 
ambitious space missions. * 


J*^*^*^, . STS-Station Scenario . The total mass of the SP-100 SRPS 

is completely dependent on the mission application. For some applications the 
total mass may be too large for any current launch vehicle. This necessitates 

aobitius SRPS missions. On-orbit 

assembly will most Inevitably include Space Station services. The current 
Jk n?!.;***"* lamich scenario for Space Station operations is 6 to 8 

. ^^**^^* y*ar; with 4 STS flights required for Station crew changeover 

lili If ? logistics. The currently projected STS lift capacity for users 
including Shuttle-Station docking equipment, is approximatelv 12 231 ke to thm 

^ .-1 SU.lo, „hit. ThU .v.lUbl/u„„Jh.d 1. JhJM^u J:. 

^t to launch and return the OMV during the first three years of normal 
^rations; it would be further reduced if a standardized payload logistics 
u e were also required. These factors do not come into play for the launch 
of unpressurized payloads, such as a spacecraf t-SRPS mission. 
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There are several missions either currently tabulated in the Space 
Station Mission Requirements Data Base (MRDB) - or discussed in this report - 
whose launch mass requirements (as currently projected) exceed the constrained 
capabilities of the space shuttle to the Space Station. These missions involve 
coHBierclal materials processing roodules, astrophysics observatories, large 
space antenna missions, tethered platform systems, as well as large. Earth- 
orbiting or planetary manned spacecraft reactor applications requiring sub- 
stantial shielding beyond the SP-100 baseline. The launch of these missions 
juing the projected shuttle-Station baseline transport system would entail 
breaking the mission into two or more constituent elements, launching the 
pieces separately, and assembling them at the Station. Of course. this approach 
greatly increases the associated launch costs for the missions (although not 
linearly, because the STS carrying individual pieces may be shared with other 
users). In addition, carrying a single mission into orbit in several pieces 
necessitates potentially extensive and costly on-orbit crew activity at the 
Station for assembly and testing. 


These requirements would be substantially reduced if alternative 
laiinch vehicles providing greater lift capacities were available by the 
1995-plus time frame. 


Launch Ve hicle Cost/Capability Comparison . A comparison of the cost 
and capabilities of the several alternative launch vehicle systems (manned and 
unmanned) that could be available for operations to the Space Station is 
provided in Table 5-3. (This data is rough and based on only a preliminary 

survey, it is specifically directed at a 28.5* inclination, 463 km, circular 
orbit . ) 


In general, the launch performance of the shuttle to the Space Sta- 
tion is severely constrained because of the requirement that a shuttle-Station 
docking adaptor be carried on the shuttle. It is difficult to fairly assess 
the cost/capability of the various launchers because of the differing levels 
of embedded subsidies that are incorporated in some of the launch costs pro- 
vided. However, the cheapest launch vehicle (dollars/kg) in the assessment, 
and the vehicle providing the greatest single lift capability, is clearly the 
Jarvis; at approximately $4, 125/kg for Jarvis vs. approximately $8, 200/kg for 
the shuttle-station transport system - where the shuttle is constrained by 
considerable overhead weight. Aside from cost, a medium-lift launch vehicle 
such as Jarvis is not expected to enhance the ability to place the most am- 
bitious missions in space. Power system masses clearly call for the develop- 
ment of heavy-lift launch vehicles. 


Several heavy-lift launch vehicles are currently under study within 
the aerospace industry which would, if available, still further facilitate the 
implementation of SRPS missions. For example, a United Technologies Corpora- 
tion concept for a shuttle-derived expendable launch vehicle would provide a 
63.000 kg/launch capability to 28.5* LEO orbits by the 1995-plus time frame. 
While a heavy-lift launch vehicle is expected, assessments are made based on 
present launch capabilities (STS or Titan). 


Scenario Modifications. Several simple, alternative modifications 
to the baseline shuttle launch scenario can be made which significantly alter 
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Table 5-3. Launch Vehicle Data Base (see Notes 1» 2) 


Expendable Launch Vehicles 

Vehicle 

Launched 

Vehicle Hass 

Availability (kg) 

Envelope Cost 

(D X L,3 outers) (i, M) 

Cost /kg 
($) 

Delta 3920/PAM 

existing 

3,080 

2.2 X 2.3 

50 

16,234 

Atlas G/ 

Centaur D-IA 

existing 

5,663 

3.0 X 8.5 

80 

14,127 

Titan IV 

existing 

14,496 

4.6 X 20.0 

225 

15,522 

"Jarvis" MLV 

projected 

36,360 

8.5 X TBD 

150 

4,125 

Heavy Lift 
Vehicle 

projected 

63,636 

TBD 

TBD 

TBD 

Ariane U (ESA) 

existing 

10,872 

N/A 

55 

5,059 

Ariane 5 (ESA) 

projected 

14,949 

4.6 X TBD 

TBD 

TBD 

H-2 (Japan) 

projected 

11,778 

TBD 

TBD 

TBD 



Manned Launch 

Vehicles 



Shuttle-Station 
(see Note 4) 

existing 

12,231 

4.6 X 20.0 

100 

8,176 

Space Shuttle 

existing 

29,445 

4.6 X 20.0 

100 

3,396 

Ariane 5 (ESA) 
* Hennes 

projected 

4,530 

TBD 

TBD 

TBD 

Note 1. Scenario - Launch to 463 kn/circular (average 

Station orbit) 


Note 2. All quantities provided are approximate. 



Note 3. Diameter x Length 





Note 4. The performance of 
this assessment by 
docking adaptor. 

the space shuttle to Space Station is limited in 
the requirement to carry a Shuttle-Station 


5 - 







tan IV/Ariane 4-class vehicles provides no real inproveoent for this tvo.. nf 

addition of*h** requirements for high mass launch capability, (3) the 

•n-M? heavy launch vehicles, perhaps in the 63,000-kg range, ^may well be 

-I..Io^S ^RPS civil 


5.3.4 


Power System Reliability and Lifetime 


subsystems nissions demand the highest reliability from their 

ubsystems. To date, no verification of the reliability of an SP-100 «?rpc h«c 
been performed. The specified full-power life of 7 ye2s with 95 oeSJJf 

SP ion f. in^ * 7-ye«r percnC is assuneil, the applicability of the 

o? ?? "l.slona is in question. While It caS be assu«d that 

toJr liv "«---orblt and aurface-deployed re«- 

thei; “^a^^b^ 1 o™e'?;:“^e\°c:o^^a^^::^r:'dT^ 

s.™ rS"'" " SM-r:." s sss =; ... 

w ’11 pad place the reactor in a standby state. The standbv stat# 

ri 0.5^00.': "■‘“'ing the fuS b^^roJ 

allowing operation at lower reactor outlet temperatures. ^ 


5.4 


SCIENCE AND EXPLORATION 


. Science and exploration missions have a basic core of 

aa "Class A" mls8ion^^*^^h?*h^,^”**'^i”™*”*^*' unmanned and categorized 

of failure ReH.hnif* danand the lowest possible designable probability 

.isjion.. -Once UuncheJ, Jh^e' Jp.c«r:ft‘“““r^*ri«J i^In'twi'^d^of 
b« sp.cect.ft follovin. the "'olli'^rjSnpJc'Ht.'rn ^^”"00 
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to Earth orbit. Duration of the mission and the disposal of the spacecraft are 
two Such differences. In turn, these differences will place differing require- 
Dent! on the epacecraft power ayatem. 


Sample Return Miasiona 

An example of a mission that has the additional requirement of re- 
turning to Earth orbit is the sample return mission. Three such missions are 
wrently being planned; the Asteroid, Comet and Hars Sample Return missions. 
The goal of these missions is to conduct scientific experiments and measure- 
■ents at the destination and to return samples to Earth for additional scien- 
tific analysis that is difficult if not impossible to conduct onboard the 
spacecraft. 


Asteroid Sample Return . The Asteroid Sample Return mission sum- 
marized in Table 4-1 will rendezvous with several asteroids, survey them, and 
with the assistance of a reusable lander collect core samples for return to 
Earth. Based on nuclear electric propulsion, it is anticipated that this round 
trip mission will take from five to nine years to complete. The mission is 
unm anned, therefore the radiation requirements are much less strict and mini- 
■om shielding can be utilized. Estimated power requirements currently indicate 
a need for 80-100 kW^ to support the propulsion and scientific systems. 

reference design specified in Section 3 is adequate for this 
application. The spacecraft may be assembled in orbit and tested under low 
power conditions before its unmanned full power up (radiation requirements and 
the minimum shielding dictate unmanned reactor activation). On the return 
phase of the mission, the reactor may either be turned off as it nears the 
sample retrieval point or the reactor may be jettisoned in a safe orbit. In 
the former case OTV support may be required for reactor disposal to SNDO after 
s^ple retrieval. It is anticipated that OMV support will be required in 
either case for the retrieval of the samples. 

The lifetime and RMA of the reactor power system remain a pressing 
issue. The present seven year life of the SRPS may affect a long term mission 
of nine T^ars. It is possible that by placing the reactor in a standby state 
during relatively inactive mission phases that the life can be extended 
somewhat. This standby phase Is not yet a demonstrated feature of the SRPS, 
nor is it known that this dormancy will significantly improve SRPS life 
without risk to SRPS reliability. 

. Table 5-4 lists the parameters of the strawman implementation for 

the Asteroid Sample Return mission. 


*;**^*^ Comet Nucleus Sample Return . The Comet Nucleus Sample Return mis- 
•iOT sumnmrized in Table 4-2 is essentially the same as the Asteroid Sample 
e um mission. Instead of a series of asteroids, however, a short period 
comet will be visited. The samples of the comet nucleus will be taken by a 
lander for return to Earth, and a long term monitoring station will be left 
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Table 5-4. Strawman SRPS Implementation 


for Asteroid Sample Return Mission 


Estimated Power Requirement 
System Configuration 

Radiators 

Shielding 

Power System Mass 
Reactor Disposal Options 

OTV/chemical booster to SNDO on return 
Reactor jettisoned in safe orbit 


80-100 kWg 

Reference mission 
configuration 

Conical configuration 

Shadow shield, not man-rated; 
untended power-up required 

2,900 kg 


OMV required to retrieve samples 


Required RMA 

Class A science mission 
requiring high reliability; 
reliability may be affected 
if reactor throttling is 
employed. 


Lifetime Required 


Assessment 


Mission designed for 5—9 
years; longer term missions 
extended two years beyond 
rated life of power system 

Good 



80-100 kW ^^and°^I a'^M*^** Power requirement for the mission is 

«tend'°^h* •‘“‘no" 

flgur,tio„ 

provided against damage from dust and^^oartlr i if additional protection is 
comet nucleus.’ particulate matter that surrounds the 


- ^ suinnarises the parameters of the etrawnu 

for the Comet Nucleus Sample Return mission. 


implementation 


5-10 


Table 5-5. Strawman SRPS Implementation for Comet Sample Return Mission 

Estimated Power Requirement 

80-100 kW, i 

System Configuration 

Reference mission 
configuration 

Radiators 

Conical configuration 

Shielding 

Shadow shield, not man-rated; 


untended power-up required 

Power System Mass 

2,900 kg (for a single 
reactor, mass slightly higher 
if additional protection 
against dust is required) 

Reactor Disposal Options 

OTV/chemical booster to SNDO on return 

Reactor jettisoned in safe orbit 


OMV required to retrieve samples 

Required RMA 

Class A science mission 
requiring high reliability; 
reliability may be affected 
if reactor throttling is 
employed. 

Lifetime Required 

Mission designed for 12-18 
years. Possible candidate 
for dual reactors. 

Assessment 

Poor to Good, depending on 
final reactor life 


^•*‘*^*^ jjar« Surface Sampl e Return . The Mars Surface Sample Return mission 
summarised in Table 4-3 is identical in purpose to the other sample return 
missions. In addition to in-situ studies, the lander craft will return a 
•ample to the spacecraft for return to LEO for recovery. The mission is ex- 
acted to last four to five years. A power level of 80-100 kW. is required 
0 accomplish the mission. This is well within the reactor lifespan and the 
reference mission configuration detailed in Section 3 is well suited to this 
application. 


Table 5-6 summarises the parameters of the strawman implementation 
tor the Mars Surface Sample Return mission. 
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Table 5~6. Strawman SRPS Inpleinentation for Mars Sample Return Mission 


Estimated Power Requirement 

System Configuration 
Radiators 
Shielding 

Power System Mass 
Reactor Disposal Options 

OTV/chemical booster to SNDO on 
Reactor jettisoned in safe orbit 
OMV required to retrieve samples 
Required RMA 

Lifetime Required 
Assessment 


80-100 kWg 

Reference mission configuration 

Conical configuration 

Shadow shield, not man-rated; 
untended power-up required 

2,900 kg 


Class A science mission requiring 
high reliability; reliability may 
be affected if reactor throttling 
is employed. 

Mission designed for 4-5 years. 
This is well within the projected 
lifetime of the SRPS. 

Ideal 


5.4.2 Observations and Exploration Missions 

Unlike the sample return missions, the observation and exploration 
missions listed here are one-way missions; none will be returning to their 
points of origin. Non-returning missions have a greater exploration radius 
* returning counterpart. Like the returning missions, exploration 
missions are Class A missions and reliability is a critical concern. 


Saturn Ring Rendezvous . The Saturn Ring Rendezvous mission summar- 
ized in Table 4-4 is designed to support scientific observation/radar /probe 
invektigations of the planet Saturn, its rings, and the moon Titan. The 
mission is anticipated to require a seven to ten year transit time, with the 
scientific investigation phase requiring up to an additional two years. The 
mission, %rtiich lasts 9 to 13 years, will require 80-100 kW, for propulsion 
and for operating its scientific payload. 

Table 5-7 summarizes the parameters of the strawman Implementation 
for the Saturn Ring Rendezvous mission. 
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I.bl. 5-7. gtr..«»n SRPS I.pI.«„t.tlon for S.tu™ Rln, R.„d..vou. 


Estimated Pover Requirement 
Configuration 

Radiators 

Shielding 

Power System Hass 
Reactor Disposal Options 
Required RMA 

Lifetime Required 

Assessment 


80-100 kWe - 

Reference mission 
configuration 

Conical configuration 

Shadow shield, not man-rated; 
untended power-up required 

2.900 kg 

None required 

Class A science mission 
requiring high reliability; 
reliability may be affected 
If reactor throttling is 
employed. 

Mission duration is nine to 
thirteen years. This is up 
to six years greater than the 
anticipated single SRPS 
lifetime. 

Poor to good, depending on 
final reactor life 


P-Pose of the Par Outer 

-ir^j^rrs that 

orblters will not neceswruC however, these probes and 

detailed long-term InvestiMuLs^of 'the"l^fi°“*i‘ -iisions will allow 

ring structures and possibly atmospheres and luJflcel!’ 

the outer pWu^uJln«.*NfJtui^*inrPlJ^^ ?!U*' for transit to 

than the present anticipated full-power life of th^ years longer 

aystem and does not Include tbrJlm^ kI ““^lear reactor power 

exploration of the destination planet Llke\h» conducting its 

eission. it is believed i-h«f « ^ Saturn Ring Rendezvous 

\ ®«“«''e<l that a reactor providing 80-100 kW will 

aufficient to cover the mission power requirements. * “ ^ 

Far Outer Planets Probe^bit^ misslonsr**" f“P Cementation parameters for the 


Table 5-8. Strawman SRPS Implementation for Far Outer Planets Probes/Orbiters 


Estimated Power Requirement 
System Configuration 

Radiators 

Shielding 

Power System Mass 
Reactor Disposal Options 
Required RMA 

Lifetime Required 
Assessment 


100 kWe 

Reference mission 
configuration 

Conical configuration 

Shadow shield, not man-rated; 
untended power-up required 

2,900 kg 

None required 

Class A science mission 
requiring high reliability; 
reliability may be affected 
if reactor throttling is 
employed. 

Mission typically requires 8 
to 11 years. This is outside 
the 7 year life of the 
reactor power system. 

Poor to Good, depending on 
final reactor life 


5.4.3 Extra-Solar Spacecraft — TAU 

The Thousand Astronomical Unit (TAU) Extra-Solar mission summarized 
in Table 4-6 is very unique in its goals and objectives. The TAU mission will 
attempt to relay data from a point in space much further away than has ever 
been explored. Well outside of the solar system, the TAU spacecraft will pro- 
vide an extremely long baseline from which scientists will be able to perform 
detailed measurements of the universe. 

Fifty-five years will be required for travel to the 1000 AU desti- 
nation. Since this is very much beyond the expected life of a single reactor 
power system-, twin reactors will be employed. The first reactor life will 
only allow the propulsion phase of the mission to extend to the edge of the 
solar system. The second reactor is brought on-line when the spacecraft 
reaches its destination. 

Table 5-9 summarizes the straiwman implementation parameters for the 
TAU mission. 


Table 5-9. Strawman SRPS Implementation for the Extra-Solar Mission - TAU 

Estimated Power Requirement 

300 - 1000 kWg :• 

System Configuration 

R^f^rence mission configuration 

Radiators 

Conical configuration 

Shielding 

Shadow shield, not man-rated; untended 
power-up required 

Power System Mass 

^“27,000 kg (2 reactors) 

Reactor Disposal Options 

None required 

Required RHA 

Class A science mission requiring high 
reliability 

Lifetime Required 

The life of the spacecraft is undefined. 
The goal of 1,000 AU is achievable in 
y®ars. The length of time the 
reactor is required to support propul- 
sion is 10 years. A second reactor kept 
dormant during flight will be required 
in order to provide power at the 
destination. 

Assessment 

Good; two reactors required 


5.4.4 


Large Space Observatories 


Mnnn 1 Following the initiation of permanent manned operations on the 
.tr.».„ SRPS fo. th. ULO cLUpi 5-10. 
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Table 5-10. Strarnmn SRPS Implementation for Large Array lunar Observatory 

Estimated Power Requirement 

130 kWg 

System Configuration 


Radiators 

Daisy configuration 

Shielding 

Reactor is buried and surface materials 
are used to provide fully man-rated 4-pi 
shielding 

Power System Mass 

2,900 kg 

Reactor Disposal Options 

In-situ burial of reactor at end-of-life 

Required RMA 

High reliability preferred; reactor 
replacement recommended in the event of 
failure 

Lifetime Required 

7 year reactor life sufficient, with 
multiple replacement for 20+ yr. mission 

Assessment 

Ideal 


5.5 SPACE OPERATIONS 


‘pace 

apace but also to expand the beneficial coimnercial utilization of «acT Th. 

‘ypi'slly have the «,at unique of ^he ■mission 


5.5.1 


Space Station 


anentiy „nSd' ^o™ f • i:™- 

first, th. Space station .ill serve primarily aa Hpa« J^«rcJ cfnier suo 

activities for a variety of users- these 
activities .ill Include acting as a launch point for ambitious science and 
exploration Bissions. As time goes on, the Space Station will evolve into an 
active node in the "bridge between worlds," supporting the transfer of mat^r^i .1 
and personnel betueen th. Esrth and th. pianet'Jy outjosu ^d cItontL 

4 . Station mission is conveniently divisible into two areas 

First is the Station operations mission, whose scope covers the core faciUtv* 
and related cor. facility activities. Second are fh. r^t. 

T "f, ”* !'''•" P'Pf“P”lnS specialized Usks that the Space St.“o^ wo 

?” numerous free flyers and platforms that .ill eventually 
be deployed co^rbitlng .ith th. Station, th. Material. Processing kctori *^ 
Platform was chosen as an example for discussion. * ^ 
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SUtion O peratieng . At present, the IOC Space Station will not use 
a space nuclear reactor as a power source. However, the discussion here will 
assume that the use of an SP-100 SRPS in the Growth Station timeframe is a 
possibility. 

The Growth Space Station illustrated In Figure 4-9 and described in 
Table 4-11 is a permanently manned facility. As such. Station operations will 
entail stringent limitations on total crew radiation exposure. Radiation dos- 
ages during operations, whether from the natural background or from a reactor 
source, will add cumulatively, until Station personnel reach a pre-determined 
upper biological exposure safety bound and are cycled back to Earth. Minimis- 
ing the dose rate will help to extend personnel stay times and minimise costs 
associated with crew launch and training. 

A Space Station application reactor system should therefore incor- 
PO*'*f* •** optimised shield/distance configuration for crew radiation dosage 
minimisation without unacceptable adverse effects n projected Station opera- 
tions. In addition, the permanent character of the Space Station necessitates 
that easy mechanisms for reactor disposal at end-of-life be devised. A 
variety of alternative reactor deployment schemes can be considered; these 
include a centrally mounted reactor, boom-mounted reactor, and a tethered 
reactor system. 

The centrally mounted reactor requires smssive 4-pi shielding for 
acceptable radiation levels, as well as large, high-temperature, waste heat 

sytems in close proximity to planned extensive manned and unmanned 
operations. Also, ultimate disposal of a skassively shielded, centrally-located 
reactor represents a major challenge. A tether-mounted reactor aystem would 
entail low shield-mass requirements, however a counterbalance tethered mass 
would be required to maintain ultra-low accelerations at the manned laboratory 
modules; this mass largely offsets shielding savings. Moreover, a nuclear 
reactor system tethered from the upper and lower booms of the Space Station 
may unacceptably impact observational science missions (astro-physics, solar 
physics, and Earth-Observation sciences) at those sites. 

Rather than mount a single large reactor in the line of flight of 
the Space Station, for this assessment, a twin-reactor, boom-mounted SRPS ap- 
P^lcation on the Growth Space Station has therefore been assumed. Figure 4—9 
provides a conceptual illustration of this application scenario. In this 
scenario, dual reactors are symmetrically mounted as extensions on the already 
assembled Space Station power array truss structures perpendicular to the line 
of flight. Nonetheless, a number of concerns remain. 

The Growth Space Station, as currently planned, will accommodate a 
t^eatly augmented amount of manned and unmanned, vehicular and space-cuited 
proximity operations traffic. While reactor shielding could in theory be 
increased to any level, a lesser shield mass would reult In significantly 
reduced launch costs. In order to conserve mass, shadow, 2-pi, or 4-pi 
preferential shielding could be used instead of 4-pi, fully man-rated 
shielding. A realistic shield mass would, however, necessitate potentially 
strict limitations on projected proximity operations and unanticipated 
complications in near-Station vehicular navigation and SMneuvering. In 
particular, utilisation of shadow shielding could significantly reduce total 
Station vicinity working volumes; advanced Station missions rely on extended 


EVA operations over a wide volume of surrounding space (for example, one 
mission involves the construction of a 100-meter-diameter radiometer at the 
Station). Finally, the twin-boom placement, although eliminating potential 
center of gravity problems, would still restrict manned and vehicular traffic 
in the areas around the reactors because of the ambient thermal environment 
near the reactor radiators. 

There are other factors as well that affect the decision to deploy 
a space nuclear reactor as part of the Growth Space Station. One such factor 
is the reactor lifetime. At present, the Space Station is projected to permit 
gradual evolution over an indefinite period of time. At present, the SRPS is 
designed for a seven-to-ten year normal operational life. Host probably the 
reactor would require replacement during the course of Growth Space Station 
operations. Also, several safety issues remain to be addressed. First the 
Station will require a back-up source of power in case of a reactor 
emergency. The projected dual-reactor configuration, added to the baseline 
IOC Space Station power systems, would answer that issue. Factors involving 
salvage and vehicular economics for reactor disposal from LEO have not yet 
fully been addressed. 

For the reasons discussed above, the application of an SF-100 SRPS 
to the Growth Space Station is rated as POOR; although each limitation noted 
may be surmountable taken individtially, together they represent an uncertain 
implementation scheme that could unacceptably impact on the cost-effective 
accomplishment of Growth Space Station objectives. This assessment is 
sumnarized in Table 5-11. 

5. 5. 1.2 Materials Processing Factory Platform . While the Space Station it- 
self may not be able to utilize an SP-100 SRPS, it is possible that one or more 
of its co-orbiting platforms and free flyers may benefit from the application 
of an SRPS. The case in point is the Materials Processing Factory Platform 
(MPFP) depicted in Figure 4-12 and sunsnarized in Table 4-15. 

The MPFP is an independent structure that is tended by Space Station 
operations. It is located some distance from the Station so that it remains 
undisturbed by the everyday Station activities. Being located some distance 
away also would allow reactor operation that would not disturb the Station 
environment . 

The MPFP has very high power and thermal requirements. The reactor 
could therefore serve a two-fold purpose, as both a supply of electrical power 
and of clean heat for the material furnaces. The available electric power 
could also be used to support a small amount of electric propulsion for 
station-keeping purposes. Table 5-12 summarizes the strawman implementation 
of the SP-100 SRPS for the MPFP. 

5.5.2 Planetary Bases 

By far the most ambitious of all space missions is the establishment 
of atanned scientific and exploration facilities on the surfaces of other bodies 
in the solar system. Based on the technology tried and proven during the 
implementation of the Space Station, two such bases will evolve: one on the 

Earth's sK>on and a second on the surface of Mars. 
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Estiaated Power Requirement 
System Configuration 
Radiators 
Shielding 
Power Syfiten Mass 
Reactor Disposal Options 


330 kW« 

®®^®*^***ce mission configuration 
Conical configuration 
Man-rated 4-Pi preferential 
50,500 kg (two 200-kWg reactors) 


OTV/Chemical booster to SNDO 

■Emergency reactor jettison 
capability required 

Required RMA 


Lifetime Required 


High RMA requirements; back-up power 
provided by dual reactor configuration; 
reactor replacement will be necessary 
during Station life ^ 


Mission currently designed to last 
14+ years 


Assessment 


Poor: possible radiation haeard to 
station crew, high temperature hazard 


•clentlfic 

radiators will be a daisy cJnfLurati^r ^7**^ shield configuration. The 

r»ck and po.alMy local', J^odCc.! «nc«t. »«P««d of 

■sterials greatly reduc#e t^h. k ««ucea concrete. The use of local 

Esrth orbit earlier in th* materials that must be lifted into 

«i.Kf Of tk. ,o.„ a,.ft 
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Table 5-12. Strawman SRPS Impleoentatlon for Materials Processing Factory 
Platform 


Estimated Power Requirement 

160 kWe 

System Configuration 

Reference mission configuration 

Radiators 

Conical configuration 

Shielding 

2-Pi man-rated 

Power System Mass 

26,500 kg 

Reactor Disposal Options 


OTV/Chemical booster to SNDO 


Emergency reactor jettison 
capability required 


Required RMA 

Backup power source reconnnended for life 
support systems; reactor replacement 
during platform life may be required 

Lifetime Required 

Mission currently designed to last 20+ 
years 

Assessment 

Good: low personnel radiation hazard 
since platform is typically unattended 


As the bases grow into colonies » more reactors can be added to meet 
the power requirements. As reactors are expended, they can be buried in-situ. 


5.5.2. 1 Lunar Base . The Lunar Nominal Base is depicted in Figure 4-13 and 
its requirements are summarized in Table 4-19. The parameters of the strawman 
SRPS implementation are summarized in Table 5-13. 
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5—13. Stravnnan 

Estimated Power Requirement 
System Configuration 
Rsdiators 
Shielding 

Power System Hass 
Reactor Disposal Options 
Required RMA 

^^^*time Required 
Assessment 


SRPS Implementation for Lunar Nominal Base 

200 kWg 


Daisy configuration 

Reactor is buried and surface materials 
5,800 kg 

In-situ burial of reactor at end-of-life 

Wgh reliability required; back-up 
^wer source for life and other 
critical systems required, twin 
reactors to meet this requirement 

Good 


-.n« th. a.pioy„,„t .ch.« 

Table 5-14.”** of the strawman Implementation are provided in 
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Table 5-14. Strawman SRPS 

Implementation for the Libration Base 

Estimated Power Requirement 

160 kWe 

System Configuration 


Radiators 

Conical 

Shielding 

Single reactors are boom-deployed with 
4-pi lunar material shielding 

Power System Mass 

2,900 kg (single reactor, excluding 
lunar shielding material) 

Reactor Disposal Options 

OTV/chemical booster/early jettison to 
SNDO required for reactors 

Required RMA 

High reliability required; reactor 
replacement required; dual 80-100 kW^ 
reactors recommended for back-up power 
configuration 

Lifetime Required 

Mission currently designed to last 20-*- 
years 

Assessment 

Good 


5. 5. 2. 3 Hars/Phobos Base . The Nars/Phobos Base is a permanently manned 
Space Station/base, constructed on Mar's moon Phobos. It is assumed in this 
assessment that the reactor can be buried, as in the Lunar application 
scenario. The key parameters for the Mars/Phobos Base are summarized in 
Table 4-27. 


The parameters of the strawman implementation are provided in 

Table 5-15. 
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Table 5-15# Strawman 

SRPS Implementation for the Mars/Phobos Base 

Estimated Power Requirement 

150 kWe 

System Configuration 


Radiators 

Daisy configuration 

Shielding 

Single reactors are buried with Phobos 
material » 4-pi shielding 

Power System Hass 

2,900 kg (single 150 kW^ reactor) 

Reactor Disposal Options 

Buried in aitu 

Required RMA 

High reliability required; reactor 
replacement reconraended in the event of 
failure 

lifetime Required 

Mission currently designed to last 20+ 
years, reactor replacement possible 

Assessment 

Ideal 


Mars_Jase. The Mars Nominal Base is depicted in Figure 4-14 and 
M *f® summarised in Table 4-31. The Mars base power system has 

«acJor survive martian sandstorms, ^e 

are buried and Is safe from surface hazards. The heat radiators 

materials *** secured using surface 

lon,-Um’du.“ “» ““ 


In Table 5-16* ***‘^“*^**^® strawman SRPS implementation are summarized 


Table 5-16. Strawman 

SRPS Implementation for Mars Nominal Base 

Estimated Power Requirement 

120 kW^ 

System Configuration 


Radiators 

Daisy configuration 

Shielding 

Reactor is buried and surface materials 
are used to provide fully man-rated 
4-pi shielding 

Power System Hass 

5,800 kg 

Reactor Disposal Options 

In-situ burial of reactor at end-of-life 

Required RMA 

High reliability required; back-up 
power source for life and other 
critical systems required, twin 
reactors recommended to meet this 
requirement 

Lifetime Required 

Mission currently designed to last 
20-t- years 

Assessment 

Good 


5.5.3 Transportation 

The transportation vehicles discussed here are intended to form 
crucial links in the "bridge between worlds" that will enable the colonization 
of the Moon and Mars. 

5. 5. 3. I Orbital Transfer Vehicle . The NEP Orbital Transfer Vehicle (OTV) 
depicted in Figure 4-15 is an electrically propelled space tug that will ferry 
articles and materials from LEO to higher orbits and possibly even to the 
Noon. Because it is electrically propelled and utirizes instrument -rated 
skidding, it is therefore limited to moving large, delicate structures, and 
for use as a routine cargo bearer in a regularly scheduled supply line. The 
NEP OTV mission is summarized in Table 4-36. 

The projected nuclear-electric OTV will operate in a fully-unmanned 
siode; with transfer of cargo (for example, from the Space Station to the OTV) 
performed hy the telerobotic orbital maneuvering vehicle (OMV), or other 
similar systems. As a consequence, the nuclear OTV will require only shadow 
2-pi. The greaF maloti ty^^ 6^^^^ output of the SRPS will be used 

for nuclear electric propulsion, with some power going to the cargo bays for 
environmental control. 

The strawman SRPS implementation is sunmarized in Table 5-17. 
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Table 5-1 7# Strawman 

SRPS Implementation for Nuclear OTV 

Estimated Power Requlreinent 

100-300 kWe : : 

System Configuration 


Radiators 

Conical conf igura t ion 

Shielding 

Varies with application (shadow 2-pi) 

Power System Mass 

2,900-10.000 kg 

Reactor Disposal Options 

OTV/chemical booster to SNDO required 


Emergency jettison capability to SNDO 
Biust be provided 

Reqtiired JLMA 

Reactor RMA a concern; power-down 
capability required for EVA and repair 
operations 

Lifetime Required 

Mission life 7-10 years, within 
lifetime of the reactor 

Assessment 

Good 


Irlnllnrt v^ ^ transp or t Vehicle . The Manned Interplanetary 

NEP OTO ^ "ot like the 

IffiP OTV in t^t it is a cycling spaceship that will provide a service route 

Mars. It will carry passengers as well as supplies to 
Jk The electrical power output of the SRPS primarily supports 

the life support systems, with some electrical power going to the electrical 
propulsion ay* tern. Back-up power will be needed for the critical systems. 

The reactor will have a 4-pi man-rated shield in order to allow power-on EVA 
and approach. Lunar material might be utilised for shielding. 


Table 5-18 summarises the SRPS strawman Implementation. 
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Table 5-18. Strawman 

SRPS Implementation for Manned ITV 

Estimated Power Requirement 

300 kWg 

System Configuration 


Radiators 

Daisy configuration 

Shielding 

4-pi preferential, man-rated 

Power System Mass 

20-40,000 kg 

Reactor Disposal Options 

OTV/chemical booster/early jettison to 
SNDO required for reactor 

Required RMA 

Back-up power required for life support 
and other critical systems; dual 
150-200 kWg reactors recommended 


Reactor replacement during life of ITV 
may be required 

Lifetime Required 

Has indefinite mission life 

Assessment 

Good 


5. 5. 3. 3 Cargo-Carrying Interplanetary Transport Vehicle . The requirements 
of the Cargo-Carrying Interplanetary Transport Vehicle (C-ITV) are summarized 
in Table 4-38. The parameters for the strawman SRPS implementation for the 
C-ITV concept are summarized in Table 5-19. Stra%nnan implementation differs 
from all others in this report in the following respects: (1) advanced 

thermal-to-electric conversion technologies have been assumed in this case, 

(3) multiple reactors have been assumed to meet the basic power requirement 
for the mission, and (2) a specific mass of 15 kg/kW^ for a 1000 kWg class 
SRPS has been assumed as the baseline system for this assessment. Current 
SP-100 SRPS conversion technologies would result in an unacceptably high power 
system mass (approximately 200,000 kg) for the C-ITV application. As a 
consequence of these assumptions, the C-ITV assessment is not comparable to 
the other assessment in this section. 

The projected C-ITV will operate in a fully-unmanned mode; with 
transfer of cargo (for example, from the Mars/Phobos base to te C-ITV) 
performed bjr a chemically propelled, telerobotic orbital transfer vehicle, or 
other similar systems. As a consequence, the nuclear-powered C-ITV will 
require only shadow shielding. The great majority of the electrical output of 
the SRPS will be used for nuclear electric propulsion, with some power going 
to the cargo bays for environmental control. Lunar material might be utilized 
for shielding. 
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Table 5-19. 

Strawman SRPS Implementation for Cargo-ITV 

Estimated Power Requirement 
System Configuration 

7000 kWe ; 

Radiators 


Daisy configxiration 

Shielding 


Multiple reactors are boom-deployed 



with limited man-tending shadow 
shielding 

Power System Mass 


105.000 kg 

ilcActor Disposal Options 


OTV/chemical booster/early jettison to 
SNDO required for reactors 

Required RMA 


High reliability required; reactor 
replacement recomnended in the event of 
failure 

Lifetime Required 


7 year reactor life sufficient, with 
multiple replacement for total mission 

Assessment 


Good, based on advanced power conversion 


5.6 


COMMERCIAL 


... Civil missions classed as commercial are those 

5.6.1 Ceos3mchronous Communications Platform 

. ?*! *^°''**‘ >‘®‘J“i*‘e®ents will vary with the number and tvoe of us^r= 
l.corpor.t.a Into the pl.tfon., since the pl.tfor, i. unLn"d irdoe. ™t 
require «n-r..ed ehieldin,. However, ehould . ueer peHJ^He^ul^e 
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the payload roust be serviced using telerobotlc services » or the entire 
platforro roust be powered down to allow manned EVA. 


i 

I 

}■ . 

The stravman SRFS iropleTOntation parameters for the Geosynchronous 
Communications Platform are summarized in Table 5-20. 


Table 5-20. 

Strawman SRPS Implementation for Geosynchronous 
Comminications Platform 

Eatimated Power Requirement 

15-150 kWg 

System Configuration 


Radiators 

Conical configuration 

Shielding 

Shadow shield) not man-rated 

Power System Mass 

6,000 kg § 150 KWg 

Reactor Disposal Options 

OTV/chemical booster to non-GEO SNDO 
required 

Required RMA 

Reactor RMA a concern; power-down 
capability required for EVA and repair 
operations 

Lifetime Required 

Mission life 7-10 years, within 
lifetime of the reactor 

Assessment 

Good 
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5.6.2 


Air/Ocean Traffic Control Radar 


very UrJ. rZVr ““y ' 

Ihe pewer requirement. v.ri^lj.iy »lth'JhrtjM'of‘t«L.S'' ‘'•“‘e- 

coverage desired. ^ ®* technology employed and 

S.lety i..„e. ‘“f r.,ulre«„t. .1.0 .ppiy. 

reactor into a non-CEO orbit. ^ * chemical escape rockets to lift the 

oceen 'or the «r/ 


TebJe 5-21. Strenmn SRfS I«pl.«nt.tion for AIC Rader 


Estimated Power Requirement 
System Configuration 
Radiators 
Shielding 
Power System Mass 
Eccctor Disposal Options 

Required RMA 

Eifetiste Required 
Assessment 


40-200 kW, 


Conical configuration 
Shadow shield, not sian-rated 
7,000 kg § 200 KW^ 

OTV/chemical booster to non-GEO SNDO 
required 

Reactor replacement during life of OTV 
■ay be required 

Indefinite OTV life 

Good 
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■i..£on. run the ,«n,t fJon unmenned Ll™;. Ini *?'* H>e.e 

operatioBt, to private comerclal oDe^tinn! ? ^ •■‘Ploratioo, to Banned apace 
Urth orbit to beyond the farthe.t f«ch« of Jk***'?' I"* 

c«§e, the availability of alectrle*i f J*** »y«tem. In every 

that have hitherto have been reouired^^Tr**^ levels far greater than those 
pushing Bisslon objectives. During the Mxt‘fo“^^*Jn^° euccessfully accom- 
power sources vlll be availabl* next 10 to 30 yearsp the following 

(fuel cells; need 0n'y*fS“jSJ^!"ri‘'*iLT“'*““*= <‘>’«l'Ct«chMicll 
photovoltaic (PV arrajaj uajd firllTihif^bHr' “/?•'«“>• «> boldr- 
«) aolar dytuntic den.ritor, („n«t‘^f*f?* Pl*«t «le.lona). 

conversion efficiency or other perfo^n^! eystems; used where 

re,„ired). (*) radloi.oto^e ,en«a(o^r?.™nT",‘" " *"*’'•> *• 

long-duration, lo«-po*er levjl Bi.lloJt wht« »y«teM: uaed for 

•PPly). and (5) apace reactor pov“ awt™ L ‘’""f "“i 

"uclaar pouer, uaed for long-durationf hi.; ii'L'i:::”" 

b...Iine caJIbnLJ7o‘r.'pic‘r;uc‘fe'ar;i“'": a°' 

■PPlicability of the SP-100 tyw of SR?? essessment of the 

civil Biisslons Is provided in Table 6 P ?n“" *‘"*‘*^ projected, ambitious 
can be applied with considerable effLienci tf*!;;;’'; */".®^"^®® SRPS 

exceptions include: ( 1 ) the permanently ?? c:. 1 •••«**ed missions; 

Issues remain due to planned exten^iieE^Jrnd Station, where safety 

the safety Issue for the Space StaUon tit W proximity operations; 

by considering a scenario in which hich^L?? ? 1" this assessment 

processing activities ar# dnwr, i j j " Pover level, commercial uterials 

(2) Far Outer Planets/TAU Explor?r'*missions*^^wh^^^^"* factory platform; and 

thi^*? P*‘«*eot design RMa capability of*the*SP 100^t^°”* jisslon durations 
this issue could be addressed bv th« »«. ^ SP-100 type of technology; 

reactor system to achieve comoarabla ? f * “ultlple, smaller SP-100 type of 
reliability. * comparable long-term power levels with enhanced 

ass^ptlon in current O.S.^planning*for'^the*^n**°t*sn*^****^***”^* *” integral 

*'»P« of 0 h.lU„,i^g •ppumw ‘“oTtfll ‘"■’''‘““P lllu.tr.tc. 
needed to determine where and when the annUrjif? ^*^^r** studies are now 
represents the most cost-effective — if^not »P«ce nuclear power 

alternative. enabling — power system 
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Table 6-1. Mission Requirements Summary and Applications Assessment 
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APPENDIX B 


THE MATERIALS PROCESSING FACTORY PLATFORM* 


The Materials Processing Factory Platfom will support a variety of 
missions. The three main uses of the platform will probably be crystal 
growth, biological materials processing, and glasses and fibers production. 
Special processing techniques are used in each area. 


B.l CRYSTAL GROWTH 

Semiconductor crystal growth missions use electroepitaxial crystal 
growth (ECG), chemical vapor transport growth (VCG), and directional solidi- 
fication (DSCG). The ECG and VCG methods will be for growing gallium arsenide 
crystals, which are used for semiconductor products. The DSCG method can be 
used to produce both semiconductors and metals. 

The ECG method uses an electric current to grow the crystals. A 
saturated solution of a few percent gallium arsenide in gallium is brought 
iuto contact with a monocrystalline seed crystal and a polycrystalline source 
crystal. An electric current is established normal to the seed-solution 
interface, causing the arsenic ions to migrate toward the seed crystal and to 
crystallize with the solvent on the surface of the seed. The process is 
carried out in a furnace to maintain precise control of the crystal growth 
temperature, around 800-900*C. 

The electrical power required for electroepitaxial growth of gallium 
arsenide depends on both the temperature and thickness of the crystal. At a 
furnace temperature of 875 *C, the energy required to grow 1-cm thick gallium 
arsenide crystals in five days is about 66 kWh/kg. In addition to the power 
required for the growth current, 40 kWh/kg is required to maintain the furnace 
temperature for five days. The power load is then 66 kWh/kg of uninterruptible 
DC electric power at 28 Vdc, plus 40 kWh/kg of interruptible power for 
additional heating. 

The VCG method involves transport of the crystalline elements from 
a source to a growth crystal in the vapor phase. A polycrystalline source of 
material is heated in the presence of a gaseous transport agent. A chemical 
reaction between the source and the transport agent results in exclusively 
gaseous products, which are removed from the source. The growth crystal is 
located at the other end of the growth ampoule, and is maintained at a lower 
temperature than the source material. The gaseous products are transported 
down the temperature gradient to the growth crystal, where they undergo the 
reverse chemical process and condense into the original chemical product, in 
monocrystalline form. 


*Source: S. W. Silverman et. al., "Applicability of 100 kW^-Class Station 

Mission: Final Report" (see Reference Section for complete bibliographic 

Infonnation) 
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DSCG techniques can be applied to both aemiconductors and 
The material to be crystallised is melted in a crucible l fu^n^e 

fu^ce’a temperature profile encompasses temperatures above an! hl^ tL * 
siting point. Crystal growth occurs at the cooler end of the crucible The 

dli! It * J**" *tationary or it is slowly pulled out of the furnace’anr 

down the therwl gradient. In either configuration, crystal growthpr!c«ds 
as a result of beat transfer from the melt. proceeds 
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BIOLOGICAL MATERIALS PROCESSING 


K. electrophoresis (CFE) and isoelectric focusing 

would be ^ed for processing such biological products as hormones, cells 
pharmaceuticals, and interferon. The oiajor power requirement is for the*DC 

AF6 the T€f rigerAtion units And fluid pumping* 

A buffer solution is located between two electrodes. 

A potential difference between the electrodes establishes an electric field in 
the solution. Those components of the material being separated which have the 

^ the field, the various components of the material are separated. The con- 
tinuous processing, larger volume, longer time in the electric field, and lack 
of convection in space allow much higher materials throughput, higher Jield 
rom a given quantity of sample material, finer separations, and greater 
purity of product material than can be achieved on Earth. * 

•ct.Mich f*oelectric focusing works similarly to CFE. The buffer solution 
8i^*dient when the electric field is imposed. Since the 
TObility of the material to be separated varies with the pH of the buffer, the 

ITlhl S [i! direction of the gradient to a particular valu! 

VAt r.l collected, as in CFE. Since the pH environment of i.oeUc- 

tric focusing is extreme, it is not suitable for processing of living cells. 
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GLASSES AND FIBERS 


soace will component of a space facility for processing glass in 

mil ^“CMce. The furnace will function both as a progrannable 

for heating and as a positioning control system for holding the 
eon* In material sample would probably be heated by absorption of 

red ranee ^ radiation, most likely in the microwave or infra- 

«"d solar concentrators might also be 

dlJft! .?!* Although the melting temperature of most of the can- 

. * glasses is very high, the actuAl besting power load msy be quite low 

lo!ne*^**"B*^f*i^*“* processing eliminates conductive and convective beat 
w!n!!’ ^ *** further minimized by using infrared reflecting 


1 Several means can be used to position the heated samples in space 
For example, they can be attached to a sting which holds them ll piece by 
urface tension, but this method may result in heterogeneous nucleatlon and 
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conductive heat loss to the sting. Or, if the samples can be allowed to come 
into contact with a cover gas, they can be held in place by acoustic pressure 
driven by loudspeakers in the walls of the chamber. In addition, truly con- 
tainerless processing in a vacuum can be achieved by positioning the sample 
with either electromagnetic or electrostatic forces. 

Some of these processing techniques have already been tested in 
apace aboard the space shuttle. As research progresses, both on the ground 
and in orbit, all these techniques will be refined and adjusted to the space 
environment in preparation for the launch of the MPFP. 


